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ABSTRACT
N2 fixation rates for several Virginia salt marshes were
determined using in situ acetylene-reduction assays. A control and a
chronically polluted oil marsh of the mesohaline Mobjack Bay area were
sampled over a 1975~76 annual cycle. N2 fixation occurred in all
transects which extended from upper mudflat to the Spartina patens
zone. An isolated blue-green algal mat exhibited some of the highest
Nz fixation rates. Intertidal sediment Nz fixation was patchy, both
spatially and seasonally. However average rates (91.45 µg N/m2/h)
compared to the estimated N requirement of the graminoid vegetation
indicated a significant contribution to the N budget. Vegetationassociated nitrogen fixation yielded higher average rates. N2 fixation
rates for Wachapreague high salinity and Yorktown relic low salinity
marshes were similar to the mesohaline marshes although blue-green
algae fixation seemed to be more significant.
The seasonal pattern of mesohaline marsh Nz fixation was
positively related to temperature. Light-dark and anaerobic-aerobic
experiments support the hypothesis that heterotrophic bacteria are
the predominant Nz fixers and that availability of oxidizable
substrates contribute to the seasonal pattern. Chronic oil treatment
showed little effect on fixation rates with the possible exception
of median tidal elevation sediments where summer rates were considerably higher than those of the control.

xi

NITROGEN FIXATION IN VIRGINIA SALT MARSHES AND THE
EFFECTS OF CHRONIC OIL POLLUTION ON NITROGEN
FIXATION IN THE MOBJACK BAY MARSHES

INTRODUCTION
Virginia marshlands, although comprising less than one per
cent of the state's total areas (Wass and Wright, 1969), are essential in
maintaining the ecology and natural balance of estuarine and coastal
waters.

Marshlands provide spawning sites and nursing grounds for

several species of connnercially important fish and may also serve as
important sources of organic material and nutrient input to the adjacent
waters.

Furthermore they are highly produ ctive ecosystems (Odum, 1961;

Teal, 1962); the average range for angiosperm production for Virginia
marshes was 362-572 g/m 2 (Mendelssohn, 1973).

Marsh ecosystems must

cycle nutrients efficiently, especially nitrogen and phosphorus in
order to maintain high productivity.

Baseline studies of biological

nutrient cycling reactions such as nitrogen fixation are important for
quantitative evaluation of some of the processes affecting salt marsh
ecology and productivity.

Because increasing sewage and oil pollution

threatens salt marsh stability, concurrent baseline ecology and
experimental pollution-related nutrient cycling studies are also
necessary to determine the possible impact on salt marsh ecology of
pollutants and to perhaps motivate prevention of future pollution.
In addition to being the most limiting macronutrient for
marine phytoplankton, nitrogen is generally thought to be of primary
importance in the salt marsh ecosystem (Piggot, 1969; Gosselink, 1970;
Stewart et al., 1972; Mendelssohn, 1973; Axelrad, 1974; Valiela and Teal,
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1974).

Biological nitrogen fixation, the enzymatic conversion of

elemental nitrogen to ammonia, is an important process in balancing
denitrification and maintaining a supply of fixed nitrogen (Hutchinson
1944), and therefore responsible for maintaining the productivity of
the earth (Stewart, 1967a).

Diazotrophic organisms capable of reducing

nitrogen, including blue-green algae, free-living photosynthetic
bacteria, heterotrophic bacteria, both free-living and in association
with plants, legume-Rhizobium associations, non-leguminous plants
bearing both root and leaf nodules, and possibly some fungi, actinomycetes,
and yeasts, all have the potential for making a contribution of combined
nitrogen (NH4-N) directly to their surroundings and to higher plants
and algae without the nitrogen first being converted to nitrate (Stewart,
1967b; and Jones and Stewart, 1969b).

Nitrogen fixation, for several

years, has generally been considered a significant component of coastal
wetlands nitrogen budget because of the abundance of nitrogen-fixing
bacteria and blue-green algae in the marshes (Chapman, 1941; Stewart
and Pugh, 1963; Webber, 1967; Blum, 1968; Daiber and Gooch, 1968;
Stewart, 1973; Axelrad, 1974; Valiela and Teal, 1974; Van Raalte et al.,
1974; Jones, 1974).

The contribution of nitrogen fixation in the

salt marsh where free-living nitrogen-fixing organisms are abundant
and where combined nitrogen is usually deficient, potentially is
significant in marsh nutrient dynamics.

However, relatively little

quantitative information from field studies is available for the
nitrogen-fixing activities of the salt marsh organisms and their
contribution to the nitrogen budget.
Recently, with the advent of the acetylene-reduction technique,
there has been an increase in the number of in situ nitrogen fixation
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studies.

Stewart, Fitzgerald and Burris (1967a) were some of the first

to use in situ acetylene-reduction assays on blue-green algae from
lakes and coastal marine habitats.

Jones (1974) published a comprehensive

study of in situ blue-green algae and bacterial nitrogen fixation in a
salt marsh envirorunent.

Most of the in situ studies for the U. S.

eastern seaboard published before 1975 have been done on bacteria in
subtidal sediments (Brooks et al., 197~ Bunt et al., 1971); and
rhizospheres of sea grasses and epiphytes of Spartina alterniflora,
~- patens, and Juncus romerianus (Patriquin, 1972; Patriquin and Knowles
1972; Goering and Parker, 1972; Green and Edmisten, 1972; McRoy et al.,
1973).

Van Raalte et al. (1974) and Whitney et al. (1975) were some

of the first to publish in situ nitrogen fixation rates for~- alterniflora,
salt marsh blue-green algae and intertidal sediment bacteria, but the
determinations encompassed only summer rates.

Marsha et al. (1975)

reported annual bacterial nitrogen fixation rates for both intertidal
and subtidal sediments of a salt marsh area for the Chesapeake Bay
estuarine region.

Results of these studies indicated that nitrogen

fixation might be one of the major sustained sources of nitrogen, along
with annual nitrogen inputs from inorganic Nin tidal water (Blum, 1968),
for the salt marsh ecosystem (Jones, 1974; Valiela et al., 1974; Van
Raalte et al., 1974).

Valiela, Teal and Sass (1974) further suggested

that nitrogen from fixation might equal tidal sources of nitrogen for
New England marshes.

Axelrad (1974), investigating nitrogen flux in

York River salt marsh ecosystems, went one step further and suggested
that nitrogen fixation might account for the nitrogen export from marshes
to estuaries, thus constituting an important potential input for phytoplankton productivity.

Whitney et al. (1975) estimated that the total
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daily summer production of nitrogen by diazotrophic fixation seemed to
account for a large part of nitrogen flux on each tide.

Nitrogen-fixing

organisms may thus contribute substantial amounts of combined nitrogen
to salt marsh nitrogen budget.
Examination of existing distribution and abundances of nitrogen
fixing blue-green algae (Ralph, 1975) and bacteria (Daiber and Gooch,
1968; Burchard, 1971) found throughout the Chesapeake Bay area indicate
that nitrogen fixation has an important role in the nitrogen budget of
Chesapeake Bay, particularly in the extensive Virginian wetlands.

Yet,

only one in situ nitrogen fixation study, of a Typha augustifolia marsh,
has been published for the bay region from a Maryland estuary (Marsho
et al., 1975).

In contrast to findings of other researchers in other

marshes, Marsha et al. (1975) found insignificant nitrogen fixation
input to the estuarine Rhodes River budget.

It is obvious that additional

in situ nitrogen fixation studies for Atlantic Coast marshes, are needed
to evaluate the rates, the seasonality, and role of nitrogen fixation in
salt marsh dynamics.
The present study was developed with an emphasis on an
ecological approach using field and laboratory in situ acetylenereduction assays, to provide information for Virginia wetlands.
primary objectives were as follows:

The

(1) to determine the seasonal rates

of nitrogen fixation in established zones and over an annual cycle for
two comparable marshes in the Mobjack Bay area, (2) to compare rates
among the zones of the two marshes and those of a blue-green algal
mat area, (3) to ascertain the major sources of fixation activity
(bacterial and/or algal) and the factors affecting the rates in a marsh
ecosystem, (4) to obtain nitrogen fixation rates from comparative in
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situ studies of marshes from different control and polluted environments,
(5) to compare results from this study with results of similar investigations in current literature and evaluate the contribution of nitrogen
fixation to the nitrogen budget of Virginia salt marshes.
The scientific community and federal agencies have recognized
the importance of wetlands to marine ecology, yet marshes are increasingly
subject to contamination particularly by chronic sewage and oil pollution.
The ecological impact of several oil spills have been assessed by
follow-up studies, but little information is available for chronic
sublethal effects following exposure to low levels of oil.

The effects

of chronic oil pollution may be more far-reaching and destructive to the
overall balance of marsh ecology than those of an acute oil spill by
destroying vegetation, reducing species diversity, and disrupting
physiological processes of resident species.

Biological nitrogen-

fixation might be directly and adversely affected by possible destruction
of nitrogen-fixing systems such as S. alterniflora rhizome and stem units.
Conversely, an increase in oil concentrations would probably alter the
microbial populations and increase numbers of hydrocarbon oxidizing
bacteria, some of which fix atmospheric nitrogen (Coty, 1967; Walker and
Colwell, 1976; Kator and Herwig, 1976).

The trend for formation of

blue-green algal mats reported by Baker (1970) as a result of oil
pollution might also have some significance with respect to nitrogenfixation.

Preliminary observations of a VIMS experimentally chronically

polluted marsh (C. Hershner, personal communication) seemed to indicate
the same trend of destruction of Spartina and most algae followed by
replacement in some littoral areas by a thick mat of blue-green algae.
Consequently, as an indirect effect, the amount of nitrogen-fixation
might be increased by oil pollution.
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Thus, considering the increased chances for chronic oil
pollution in the Chesapeake Bay and Eastern Shore areas and the lack of
information on the ecological impact, research regarding its effects on
biological processes such as nitrogen fixation in Virginia marshes have
increased relevance.

A study of salt marsh nitrogen-fixation rates and

algal distribution during chronic pollution may be important to the
assessment of its overall effects on the marsh nutrient cycle and
ecology.

Therefore, a pollution related nitrogen-fixation study

involving the two marshes from the Mobjack Bay area, a control and a
No. 2 fuel oil experimental chronically polluted marsh, was developed
with the following objectives:

(1) to obs e rve changes in the graminoid

vegetation and algal, particularly blue-green algae, abundance, and
colonization, (2) to compare the nitrogen fi xation rates of the equivalent
zones of the two marshes over a seasonal cycle and determine if and in
what way the rates were affected by the chronic oil pollution, and (3)
to obtain additional information that would help detect the effects of
chronic pollution on Virginia marshes and how it might affect the
nitrogen balance or perhaps the nitrogen concentrations in tidal waters
by changing the rates of nitrogen fixation.

REVIEW OF LITERATURE
Methods
Several scientists have recently reviewed the various methods
of measuring nitrogen fixation (Klucas, 1969; Stewart, 1973; Burris,
1972; Dalton, 1974) and describe the acetylene reduction technique as
a simple and sensitive method particularly adaptable to in situ field
investigation where numerous

samples must be analyzed.

Schallhorn

and Burris's (1967) discovery that the nitrogen-fixing enzyme complex,
nitrogenase, reduces quantitatively a variety of substances including
acetylene to ethylene led to the development of the acetylene reduction
technique.

The acetylene redu c tion assay was first described by

Stewart, Fitzgerald, and Burris (1967), and Hardy, Holstein, Jackson,
and Burris (1968).

The method gives rapid results, is easy to perform,

and relatively inexpensive.

The technique involves the introduction

of acetylene into a sample of organisms possessing nitrogenase which
reduces the gas (CzHz) to ethyl e ne (CzH4).

The organisms is incubated

with 0.1 to 0.2 atm of acetylene injected with a hypodermic needle
syringe in a sealed bottle with a serum stopper, and gas samples are
periodically removed using a gas-tight syringe.

The reaction may be

terminated by injecting about 0.5 ml SN HzS04 or a gas sample may be
withdrawn and stored in a separa te gas-tight container - a vacucontainer
is ideal for the field.

The gas sample is injected directly into a

gas chromatograph equipped with a Hz-flame ionization detector as
suggested by Hardy et al. (1968).

Positive nitrogenase activity is
8
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indicated by a progressive increase in amount of ethylene produced.
Cultures grown in the presence of ammonium ions, a nitrogenase repressor,
lack the ability to reduce acetylene.

Stewart (1967) suggested that

these cultures should be used as a control.

"The acetylene reduction

assay for nitrogen fixation has been used successfully with a number of
free-living and symbiotic systems" (Klucas, 1969).

The method is

particularly suitable for field and survey studies where numerous
samples must be analyzed because it involves small test samples, small
number of replicates, short incubation periods, limited amount of
equipment, and rapid availability of results.

Since acetylene is a

competitive inhibitor of nitrogen fixation (Burris, 1972), it is
unnecessary to remove the nitrogen from the gas phase in the sample
bottle before performing the assay.

This fact, in addition to the

storage stability, and the overall simplicity, low cost, makes the
method extremely convenient.

Stewart (1969) points out that th.e

substrate is highly soluble in water while the product is very highly
insoluble in water, which gives the method an additional advantage for
aquatic ecosystem studies.

In situ studies can be easily performed

(Hardy et al., 1968) either by constructing a mobile laborntory or
by exposing samples in the field and returning them to the laboratory
for analysis.
The acetylene reduction method is very sensitive with minimum
detection at 10-2 nmoles.

According to Dalton's (1974) assessments it is

possible to detect nitrogenase activity in very sparse populations or
inherently weak fixers.

The sensitivity of the method was demonstrated

by Stewart et al. (1968); results for nitrogen fixation rates of
Gloetrichia were obtained within thirty minutes.
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Hardy et al. (1968) performed an extensive study to evaluate
the acetylene-reduction assay under laboratory and field conditions using
a purified nitrogenase preparation and pure cultures of nitrogen-fixing
bacteria.

Using a system of syringes for incubation and storage of

test samples and gas phases, they concluded that the acetylene reduction
assay was a valid measurement for nitrogen fixation.

Stewart, Fitzgerald,

and Burris (1967, 1968) first used the technique on photosynthetic
organisms.

They performed in situ studies with common lake algae, root

nodules, soil samples, and pure cultures of blue-green algae, particularly
with Gloetrichia echinulata (light and dark).
The assay, as an indirect measure of nitrogen fixation, has
certain inherent disadvantages.

The main difficulty is assigning an

absolute ratio for acetylene reduced to nitrogen fixed because the
ratio varies with organism especially mixed populations and experimental
conditions (Stewart, 1973).

Acetylene reduction requires two electrons

and the reduction of nitrogen to two molecules of NH 3 requires six
electrons (Klucas, 1969).

If one considers the flow of electrons as

the limiting step in the reduction, the conversion factor from C2H4 to
NH! would be 3.0.

More specific ratios for different organisms have

been determined (Klucas, 1969).

According to experimental determinations

for blue-green algae, a conversion factor of 3.2 has been found to be
more accurate than the theoretical factor of 3 (Hardy et al., 1972)
but a more quantitative evaluation of the relationship of

c2H4

to NH!

requires further experimentation.
Another possible interference could be related to an undiscovered enzyme system other than nitrogenase capable of reducing C2H2
to

c2H4

and thus the 15N incorporation test should be performed as a
2

periodic check of results.

11

Nitrogen Fixation in Marshlands
Most of the nitrogen-fixation in marshes is apparently due
to free-living nitrogen-fixers (Stewart, 1969, 1973; Jones, 1974).
Approximately 18 species of blue-green algae and approximately
15-19 species of free-living bacteria have been identified as nitrogenfixers in salt marshes (Dazzo and Hubbell, 1975).
Blue-green Algal Fixation
Blue-green algae were considered the most significant contributors of combined nitrogen available to other organisms and for
export in both fresh and marine aquatic environments (Stewart, 1968,
1971a, 1973).

Blue-green algae are generally present in salt marsh

regions on sediment surfaces from sub-littoral to supra-littoral
particularly around stems and encrusted shells and Littorina, and as
epiphytes on Spartina alterniflora (Chapman, 1941, 1960; Stewart and
Pugh, 1963; Webber, 1967; Blum, 1968; Fogg, Stewart and Walsby, 1973;
Jones, 1974; Van Raalte et a l., 1974; Whitney et al., 1975).

Webber

(1967) and Blum (1968) carried out comprehensive surveys of algae and
algal zonation in Massachusetts salt marshes.

Blum (ibid.) found

little to none blue-green algae or zonation of algae except for Calothrix,
while Webber (ibid.) found approximately 40 blue-green species repeatedly
in a wide variety of habitats, of which half were potential nitrogenfixers.

C. Van Raalte et al. (1974) described two salt marsh areas

in Great Sippewissett, Mass. where they found blue-green algal nitrogenfixers.

The most extensive area was the surface of the marsh under

the grass canopy and in the algal mat located seaward of the marsh on
a flat expanse over sand devoid of higher vegetation.

Jones (1974)
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found blue-green algae in several areas such as the pools, banks of
creeks and bare areas, particularly of the lower marsh.

Whitney et al.

(1975) located nitrogen-fixing blue-green algae mats and stagnant
tidal pools covered with blue-green algae film in the Long Island salt
marsh.
Ralph (1975) studied the distribution and abundance of bluegreen algae for three tida marshes in Delaware, St. Jones, Canary Creek
and Big Nose Island.

His study was the only of its type that existed

for the Chesapeake Bay area and was probably also somewhat representative
of Virginia marshes.

Ralph encountered 27 species and only seven of

them occurred frequently and abundantly enough to be included as
"primary species".

Only Microcoelus lyngbyaeous and Schizothrix

calciola "are present in considerable or at least, observable numbers
in every zone of each marsh at most times."

One of the most common

features of tidal marshes are the mats formed by blue-green algae in
summer months.

Ralph observed tha t Schizothrix arenaria was necessary

along with M. lynbyaceous and S. calcicola for the formation of such
mats.
Bacterial Nitrogen Fixation
Many investigators have found nitrogen fixing bacteria in
lakes and marine waters (Stewart, 1968; Brezonik and Harper, 1969;
Howard et al., 1970; Keirn and Brezonik, 1971; Sugahara et al., 1971;
Werner et al., 1973; Macgregor et al., 1973).

Relatively little data

are available on the magnitud e of bacterial nitrogen-fixation in the
sea and the sediments.

A wide va riety of anaerobic and faculative

anaerobic bacteria are known to fix nitrogen in pure cultures.

There
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are two families of bacteria that contain nitrogen-fixing faculative
anaerobes.

Bacillaceae and Enterobacteriaceae contain species found

often in the marsh including Clostridium and Bacillus.

Clostridia

and clostridia-like bacteria (Brooks et al., 1971) may contribute
significantly as nitrogen fixers in the salt marshes.

A wide variety

of carbohydrates may be utilized as carbon and energy sources by
Clostridium and serve to explain their very wide distribution in
anaerobic environments.

In particular, they appear in very high

numbers in the marsh near the rhizosphere where exudates provide a
good supply of carbon substrates.

Bacilli are also commonly found and

credited with fixation (Jones, 1974).

Other heterotrophic nitrogen-

fixing species are found in organic-rich environments such as those
of salt marshes, for example, Desulfovibrio desulfurbricans (Sisler
and ZoBell, 1951) and methanogcnic bacteria.

In addition, methane-

oxidizing bacteria (Pseudomonas) fix nitrogen (Davis et al., 1964;
Coty, 1967), and may inhabit the sediment-water interface in marshes.
Azotobacteraceae, a family of heterotrophic bacteria capable of aerobic
non-symbiotic nitrogen-fixation is probably also important in marshes.
They are found in great numbers in sand dunes and fix nitrogen at very
low oxygen tensions.
Photosynthetic bacteria can be classified into purple and
brown non-sulfur bacteria (Athiorhodaceae), and the purple sulfur
bacteria (Thiorhodaceae, Stewart, 1973).

Representatives from each

family fix nitrogen such asThiorhodaceae - Chromatium vinosum, Chromatium
minutissimum, and Athiorhodaceae - Rhodospirillum, Rhodomicrobium,
Rhodopseudomonas.

Photosynthetic bacteria, unlike other photoautotrophs

photosynthesize only under anaerobic conditions.

They use reduced
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inorganic compounds such as H S, thiosulfate, H2 , or organic compounds
2
as reductants.

They are found in a wide variety of anaerobic aquatic

environments including marine habitats, although they are not prevalent
in salt marshes.

Photosynthetic bacteria make some contribution to

combined nitrogen in marshes, but N2 fixation rates are low compared to
algal rates (Jones, 1974).

According to Valiela et al. (1974), the

amounts of fixation due to purple photosynthetic bacteria found in
sediment surfaces of marshes is less than 3% of the total.
In Situ Studies of Marshland Nitrogen Fixation
Stewart (1967, 1971a, 1973b), one of the fi.rst scientists to
conduct in situ nitrogen-fixation studies with acetylene reduction,
concluded from his studies of rocky shore supralittoral and sand-dune
slack regions that nitrogen-fixation plays an important role in the
coastal marine nitrogen budget (Stewart, 1962; Stewart and Pugh, 1963);
Stewart also was one of the first to acknowledge the importance of
nitrogen fixation in salt marshes.

Stewart (1965, 1967a, 1968), Jones

(1974) and Van Raalte et al. (1974) provided data from laboratory and
in situ field studies as evidence for nitrogen-fixation in salt marsh
regions.

Highest rates of nitrogen-fixation appear to occur at inter-

faces between aerobic and anaerobic zones (Stewart, 1969).

Van Raalte

et al. (1974) determined rates for blue-green algal (Calothrix contarenii)
fixation of the intertidal sediments of a Massachusetts salt marsh
nitrogen and sewage fertilized plots and control plots.

They estimated

an average control rate of 100 ngN/cm 2 /h for May to July and considerably
reduced rates for high dosage (treated) plots.
Jones (1974) found fixation in all four zones of a marsh.
environment with zones similar to those described in Virginia.

Blue-
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green algae in pools and on the banks of creeks fixed nitrogen throughout
the year (0-114.3 ng N fixed/g dry wt/day) whenever the temperature
and light intensity permitted.

Highest amounts were fixed in April,

June and September, but fixation could still be detected in October
and February. Jones (1974)

also correlated the amount of fixation with

colonization and cover of the algae.

The bare areas in the lower

marsh were progressively colonized with blue-green algae during the
year and the maximum rates of nitrogen-fix ation were found in late
summer and early autumn:

the peak of fixation coinciried with the

maximum algal cover in September.

This corresponded with Stewart's

(1967a) findings for the August and Septemb e r colonization of the
rocky supra-littoral West-Kilbride shore.

Rlue-green algae were

important in nitrogen-fixation of the Salicornia and Puccinellia zones,
but disappeared as higher plants formed a de nse shading canopy during
the summer months.

Maximum N2 fixation took place when algae were

growing in subaerial conditions.

Algae responsible for nitrogen-

fixation in the pools were species of Nostoc, but it was not clear
which species was responsible for nitrogen-fixation elsewhere in the
marsh.

The dominant algae in the blue-green algal mats was Lyngbya

aestuarii, but on culturing the mats in N-free liquid medium species
of Anabaena, Nodularia, and Nostoc predominated.
Jones (ibid.) results were generally higher than those published
elsewhere for marine nitrogen-fixation.

Values for the zones of the

marsh where algae were always present and actively fixing during the
summer were higher than for the rocky shore (2.5 g/m 2 /yr - Stewart,
1967a).

Jones (1974) summer rates were nearly equal to Massachusetts

marsh rates of approximately 24.0 mgN/m 2 /day (Van Raalte et al., 1974)
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for the sampling period.

Jones algal "bank" late summer rates though

were much higher (244-307 mgN/m2/day) than the Van Raalte et al.
(ibid.) estimates.
Data from estuarine and salt marsh subtidal and intertidal
sediments show that nitrogen fixation was associated with surface
sediment and was thought to originate from heterotrophic bacteria.
Brooks et al. (1971) found low but consistent nitrogen-fixation in the
upper subtidal sediments of a Florida estuary.

Bunt et al. (1971),

Sugahara et al. (1971) and Jones (1974) also provided data on bacterial
fixation in supra to sub-littoral mar inf' sediments.

Jones (ibid.) found

bacterial nitrogen-fixation throughout the marsh mud, but under natural
conditions, amounts of fixation are low.

Bacteria genera responsible

were predominantly heterotrophic (Clostridium and Bacillus).

Bacterial

fixation in zones 1 - bare mud and in zone 2 - Salicornia appeared to
be extremely low (0.0-12.8 ng N fixed/g dry wt/day).

The layer of

"black .mud", a few mm thick, which developed beneath the felts of
blue-green algae showed signs of fixation (0.69 mgN/g sed N) and mud
around roots of Spartina showed quite high rates of fixation when
exposed to an atmosphere contnining 15 N2 (5 mg N fixed/g soil Nin 7
days).

Zones 3 and 4 of higher plants contained habitats for bacterial

fixation, such as the "black mud", and below the surfaces of hanks of
creeks where small amounts of fixation occurred
year (0-0.6 µg N/g dry wt/day).
showed low but consistent rates.

during most of the.

Creek banks rich in iron deposits also
The highest levels of bacterial

fixation occurred in the "brown fringe" present in colder months around
a pool in zone 4 (0.0-60.7 µg N/g dry wt/day).

Annual rates for areas

of marsh where algae did not dominate were similar to Stewart's rates.
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Nitrogen fixation activity associated with many non-nodular
plants is significant in many environments, particularly rhizospheres
in wet soils (Dobereiner, 1974; Nelson et al., 1975; Tjepkema and
Evans, 1976).

High rates have been reported for flooded rice paddies

(Balandreau et al., 1974) and in aquatic environments of temperate
regions for Glyceria borealis (Bristow, 1974).

Exceptionally high

rates were determined in marine environments for sea grass (Thalassia
testudinum) blue-green epiphytes (Goering and Parker, 1972) and
rhizosphere bacterial N fixation (Patriquin and Knowles, 1972).
2
McRoy et al. (1973) found low b11t consist e nt rates for Zosteria marina
rhizosphere nitrogen fixation.

Results of several researchers indicate

that nitrogen fixation associated with wetlands plants is significant
(Tjepkema and Evans, 1976).

Evidence of bacterial nitrogen-fixation

associated with salt marsh vegetation has been provided Maye (1972),
Green and Edmisten (1972); Jones (1974); Tjepkema and Evans (1976).
Maye (1972) concluded that th e .§_. alterniflora rhizosphere was the
major source of NH!-N to sediment, since NH!-N in interstitial water
increased with depth and was highest in areas of thick ~artina growth.
Green and Edmisten (1972) obtained appreciable rates for.§_. alterniflora
rhizospheres and for blue-green epiphytes of.§_. alterniflora and Juncus
s pp. stems.

Jones (1974) also found evidence of nitrogen fixation

associated with higher marsh plants, Spartina anglica and Puccinellia
maritima, although the yearly rates were not estimated.

Tjepkema and

Evans (1976) suggested that very high rat es of nitrogen fixation may
be associated with Juncus baltic11s and other pl ants growing in Oregon
wetlands.

Rates for the l_. balticus rhi zosphere were relatively high

at 0.8 kgN ha-lday-1 although lower than those reported for tropical
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grasses (Day et al., 1975).
balticus,

Plants growing adjacent to or with _I.

Deschampsia cespitosa (L.) Beauve, Plantago maritima L.

and Salicornia virginica L. and plants from another wetland environment
containing Juncus bufonious, all gave similar nitrogen fixation rates,
indicating a large marshland vegetation-associated nitrogen fixation
potential.
Most recently, Whitney et al. (1975) and Marsha et al. (1975)
have studied, using in situ acetylene-reduction assays, the distribution,
seasonal variation, origin of nitrogen-fixation in marshes similar to
the climate (Long Island-Flax Pond) and estuarine systems - (Rhodes
River estuary-Chesapeake Bay) of Virginia.

They reached different

conclusions as to the role nitrogen-fixation plays in the nitrogen
budget.

Marsha et al. (1975) considered bacteria the primary fixers in

an estuary and showed that nitrogen-fixation rates occurred year-round,
predominantly in surface intertidal and subtidal sediments where average
rates were 2.9 and 2.4 ng N/g dry wt/hr, respectively.

Whitney et al.

(1975), working during the summer in Spartina alterniflora salt marsh,
determined significant rates for blue-green algal fixation in mats and
pools and bacterial fixation in Spartina, mudflat, and panne areas.
Whitney's et al. (1975) blue-green algal mat rates (mean-2,870 µgN/m 2 /h)
fall in the range of rates reported by Van Raalte et al. (1974) (mean1000 µgN/m2/h) and Jones (1974) (mean-3,626 µgN/m 2 /h) for July and
August.

The surface bacterial sediment rates are much higher than

those reported by Marsho et al. (1975) and yet lower than Jones' (1974)
rates.
The activity of nitrogen-fixing heterotrophic bacteria would
tend to be limited in many habitats including salt marshes (Stewart,
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1969; Jones, 1974; and Hanson, 1977), but a scarcity of readily assimilable
carbohydrates.

Exogenous substrates serve as an energy source for

bacteria (Hanson, 1977a).

But Stewart (1969) also stated that highly reduced

sediments of the marsh tend to be conducive to heterotrophic nitrogenfixation and denitrification.

Jones (1974), Whitney et al. (1975) and

Marsha et al. (1975) found that although bacteria fixed N at lower
2
rates than blue-green algae, they were more widely distributed and that
this heterotrophic N2 fixation occurre d most consistently throughout the
marsh.

Whitney et al. (1975) suggested that a scarcity of oxidizable

substrates did not diminish the importance of heterotrophic bacterial
fixation in marshes.
Contribution of Nitrogen Fixation to the Nitrogen Budget and
Productivity of Marine Ecosystems
Nitrogen-fixation is potentia lly important as a source of
new nitrogen in the marsh ecosystem.

Jones (1967), and Jones and

Stewart (1967a, b, 1969) have shown that nitrogen fixed by blue-green
algae can be utilized by plant s in rocky-shore and sand dune regions
either by release upon death and decay or in the form of extracellular
products, be directly available for growth of associated intertidal
algae.

Jones and Stewart (1969a), studying marine nitrogen-fixing

Calothrix scopulorum, found that a considerable percentage of nitrogenfixed may be liberated into the e nvironment as organic nitrogen.

The

more suboptimum the environmental conditions, such as those of seashores
and marshes where conditions change rapidly with tide and temperature,
the more extracellular nitro gen wa s libera t ed.

Jones and Stewart (1969b)

studied the uptake of 15 N-labelled extrac e llular products of Calothrix
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by other organisms and found that all species tested including salt
marsh fungi, bacteria, and algae showed uptake and in the case of
Chlorella marina, these extracellular products acted as sole nitrogen
source for growth, (although the growth was slower than when on
inorganic nitrogen).

The contribution of nitrogen-fixation then may

affect the productivity of some marine environments.
Jones' (1974) experiments dealing with the fate of nitrogen
fixed by blue-green algae and bacteria showed that it was assimilated
by Spartina and Puccinellia roots within three days and was rapidly
transferred from roots to leaves.

Thus the fixed nitrogen was

available for growth of higher plants found in the salt marsh.
According to Jones (1974), both nitrogen-fixing bacteria and bluegreen algae contributed substantially to the available combined nitrogen
in the marsh ecosystem.

Nitrogen-fixing blue-green algae were con-

sidered more important because of abundance and higher rates of
fixation.

The annual amounts of nitrogen-fixation in areas of a salt

marsh dominated by blue-green algae (Zone 1-37.60 g/m 2 , Zone 2-2.76
g/m2, Zone 3-5.05 g/m2, and Zone 4-77.74 g/m 2 ) was probably great
enough to support the high productivity of a marsh.
nitrogen in maximum

f.

Values for the

alterniflora standing crops of (J.5 gN/m 2 ) gave

an indication of the amount of nitrogen marsh angiosperms might require
(Valiela and Teal, 1974) and estimated nitrogen production (1.2 g N/m 2 )
by algae nitrogen-fixation (Van Raalte et al., 1974) seemed to constitute the major nitrogen source.

Algal nitrogen-fixation rates

reported by Jones (1974) indicated a even higher contribution.

But

Jones (1974) also suggested that bacterial nitrogen-fixation products
are more readily available to the roots of higher plants because
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bacteria occupy anaerobic microsites next to the roots below the soil
surface.

Their fixation products, though of much smal.ler amounts may

be nearly as significant as algal fixation when considering the
consistent availability to higher plants.
Whitney et al. (1975) discovered that blue-green algal mat
and pool fixation in the Flax Pond marsh occurred only in a few areas
and although these rates were the highest, they did not contribute
greatly to the total nitrogen fixed.

The mean Spartina, mudflat, and

panne intertidal bacterial nitrogen fixation rate of 96.3 µgN/m 2 /h
was more representative for the marsh.

The measured rate was doubled

to account for the whole sediment column and the average daily
rate for the months of July and August was 4.6 mgN/m 2 •

The estimated

total summer nitrogen fixation in the 56 hectare marsh amounted to
2.3 kgN/day, a rate similar to the Massachusetts salt marsh rates
calculated by Van Raalte et al. (1974).

Studies of Flax Pond salt

marsh nitrogen flux have indicated a new release of combined
soluble nitrogen compounds into coastal waters (Whitney et al., 1975).
The calculated contribution of combined nitrogen from N2 fixation
might account for a major part of the flux during the summer.

But

the fixation is probably seasonal and rates may decrease with dropping
temperatures.

Nitrogen leached from winter decomposition products

may compensate for smaller nitrogen fixation production.

The nutrient

flux study of York River marsh area ecosystems (Axelrad, 1974) revealed
the salt marsh annual cycle was characterized in part by a net export
of ammonia, dissolved organic nitrogen, and organic particulate
nitrogen over the year.

Axelrad (ibid.) suggested that the nitrogen

exported might be important to estuarine phytoplankton productivity
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and that nitrogen fixation probably accounted for a significant amount
of the nitrogen export.
Gotto and Taylor (1975) studied nitrogen-fixation associated
with Rhizophora mangle and concluded that nitrogen-fixation may be of
considerable importance to the productivity of this estuarine system.
Average nitrogen-fixation rates in the light were 10.6 µg N/g dry wt
for leaves that had decayed for two to three weeks.

The nitrogen

fixing microorganisms (Rhodospirillae and non-heterocystous filamentous
blue-green algae) associated with the leaves might contribute significantly to the observed nitrogen increases of decaying leaves.

Also,

the nitrogen-fixing microorganisms are consumed directly and provide
nitrogen to fungal populations of the leaves.
Marsho et al. (1975) during a 15 month study found significant but low average bacterial nitrogen fixation rates at ambient
temperatures in the marsh, but they, unlike other scientists mentioned
previously, did not consider nitrogen-fixation to be of major importance
to the nitrogen budget of the estuarine area.

The estimated input of

total nitrogen from the Rhode River watershed was 30 metric tons and
an estimated 1.2 metric tons came from nitrogen-fixation, constituting
only 4% of the total input for the period of study.

The average rate

of approximately 0.6-0.7 mg N fixed/m 2 /day (Marsha et al., 1975) was
similar to those of in situ assays reported by Bunt et al. (1971) for
sediments associated with Thalassia sea grass beds (0.37 mgN/m 2 /day);
by Brooks et al. (1971) for estuarine sediment rates (~1.0 mgN/m 2 /day
or 3.07 ngN fixed/g sed/h); and by McRov et al. (1973) for sediments
and rhizomes associated with Thalassia (29 µg N/m 2 /day).

These rates

would contribute only a small percentage of the nitrogen requirement
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for sea grass growth, and the investigators asserted that nitrogenfixation would have little effect on the productivity of marine angiosperms.
The significance of nitrogen-fixation in a salt marsh may be
negligible in terms of contribution to an estuary or even to a cove
marsh tidal pond.

Nitrogen fixed by algae on the surface sediment might

be released into tidal waters (Stewart 1967a, 1969) and account for
nitrogen nutrient flux.

Perhaps in areas where algal fixation rates

are not high, tidal waters would receive little nitrogen contribution.
But even Marsho et al. (1975) suggested that nigrogen-fixation can
still be important in localized areas of the estuary; bacterial marsh
sediment rates represent significant amounts of nitrogen fixed on an
annual basis.

Nitrogen-fixation (both algal and bacterial) may still

provide an important source of combined nitrogen for some of the
graminoid vegetation in the littoral zones (where there is shortage
of combined nitrogen).

Brooks et al. (1971) suggested that free

ammonia in the sediments would not necessarily be available to microorganisms because probably a good deal of it could be loosely sorbed
to solid material in the sediments.

The low-littoral to subtidal

Virginian marsh sediments contain approximately 3-5% clay minerals
and would tend to absorb ammonia rapidly from solution.

Bacterial

fixation associated with sediments and rhizospheres probably would
most effectively supply a portion of nitrogen needed for plant growth.
Also, direct ingestion of nitrogen-fixing bacteria may provide an
additional nitrogen energy source to heterotrophs.

Therefore nitrogen

fixation may not be the major source of nitrogen for supporting
productivity in many ecosystems, but it is probably important in
maintaining the balance in a marsh nitrogen cy cle.

24
Pollution Impact Studies
Only a few of the ecology and pollution-related studies
in the past 15 years deal with either chronic oil pollution of salt
marsh ecosystems or pollution effects on nitrogen fixation.

Prominent

among the existing studies is the evaluation of sewage sludge and
nutrient enrichment on a Massachusetts marsh system (Valiela et al.,
1973a, band Van Raalte et al., 1974).

Van Raalte et al. (1974)

found addition of sewage sludge and urea enrichment inhibited algal
nitrogen fixation in intertidal mud and sand.

Nitrogen-fixing micro-

organisms prefered other sources of combined nitrogen to the energy
requiring elemental nitrogen.
Oil pollution studies have been well documented for salt
marshes by Blumer, Sass, Souza, Sanders, Grassel and Hampson during
1970-73; and Colwell (1969); and Baker (197la-c).

Many aspects of the

Buzzards Bay ·Number 2 fuel oil spill of 1969, including the prolonged
toxicity in the sediments and damage to the marshes, particularly to
benthic animals, were reported (Blumer et al., 1970, 1972 a,b and
Wertenbaker, 1974).

The conclusion asserted was that the oil pollution

had severe and long-lasting effects.

Blumer and Sass (1972a) demonstrated

that hydrocarbons (especially those of No. 2 fuel oil) were persistent
particularly in marsh sediments where the more toxic aromatics
are retained and are also incorporated into the tissue of many living
organisms (Blumer et al., 1970 and 1971; Blumer, 1971; Blumer and
Sass, 19 72b) .
Some comprehensive oil pollution studies include effects on
filamentous green algae and blue-green algae colonization i.n chronically
polluted areas (Baker, 1971c), but little work has been done on the
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effects of oil on algae or free-living nitrogen fixers.

According to

separate studies by Reish (1971) and Baker(l97lb) only Enteromorpha
and blue-green algae survived the chronic pollution of refinery
effluent.

O'Brien and Dixon (1976) emphasized the dearth of available

information on effects of ambient levels of oil hydrocarbon compounds
on algae and microorganisms.

It appears that algae are able to with-

stand the effects of oil more effectively than many animals and plants.
Records of spill effects around the world have shown "the remarkable
ability of species of Chlorophyta to invade areas from which other
species have been eliminated", (O'Brien and Dixon, 1976).

Cyanophyta

are abundant in a number of habitats polluted by oil or oil wastes.
Environmental studies of oil spi l.ls and l;:lboratory tests have indicated
blue-green algae, of all organisms studied, as the best able to with.stand oil pollution.

M.S.O. crude oil in subarctic spills strongly

stimulated Oscillatoria augustisoma, but depressed other blue-green
algae growth because oil components adhered to the substrate particles
usually colonized by the algae (Kauss et al., 1973).

Other subarctic

studies demonstrated negligible effects of crude oil on periphytic
diatoms or on filamentous blue-green algae.

However, after the oil

spills blue-green algae increased dramaticallv, and were thought
partially responsible for increased levels of total dissolved nitrogen.
Nitrogen fixation rates were not determined for the contaMinated areas.
Several laboratory studies have dealt specifically with the
effects of No. 2 fuel oil.

Species specific aspects of phytoplankton

sensitivity were established in the work of Pulich et al. (1974).
Gymnodinium and Dunaliella tertiolecta are the least tolerant; the
Nostoc species were the most tolerant.

"Toxi~ inconsistency within
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the broad taxonomic catagories" was also demonstrated, with two bluegreen algae and two green algae showing pronounced disparities in
tolerance to various crude oil fractions.

Gordon and Prouse (1973)

also found vari0us deleterious affects on nucleic acids and reproduction
of various species of algae exposed to oil.

Venezuela crude, No. 2 fuel

oil, and No. 6 fuel oil inhibited photosynthesis of natural phytoplankton
communities in proportion to their concentration in both inshore and
open ocean water.

The degree of depression of photosynthetic rate of

carbon uptake of Thalassiosir~ pseudoma, Agmenellum quadruplicatum and
Chlorella autotrophica in the presence of soluble extracts of No. 2 fuel
oil was similar to the effect of oil on the species growth rates (Pulich
et al., 1974).
Research dealing with acute environmental oil spillage,
chronic oil pollution, and with physiological effects on algae (Baker, 1971
a-c)

has revealed that oil pollution, including Chronic No. 2 fuel oil

pollution, can destroy salt marsh vegetation over a long period have
sub-lethal effects on reproductive fitness of both algae and graminoid
vegetation and have a depression effect on algal photosynthesis.

Chronic

exposure to oil or refinery effluent can result in reduced diversity of
biota by acting as a selective agent for certain organisms, especially
blue-green algae and hydrocarbon oxidizing bacteria, in chronicallypolluted environments.

Blue-green algae seem to survive the effects of

oil contamination by protective mucous coatings, giving them a competitive advantage.

The correlation of oil pollution and proliferation

of algae populations discussed previously (Baker, 1971c) becomes even
more significant when their nitrogen-fixing capacity is considered,
because an increased blue-green algal population may result in increased
combined nitrogen levels as a result of nitrogen-fixation.
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Species population balances may be altered by the introduction
of oil into the environment.

The destruction and/or stimulation of

certain bacteria in sediment and water which may be important in
nitrogen cycling.

Micro-organisms capable of degrading petroleum hydro-

carbons of biogenic origin and petroleum pollutant hydrocarbons have
been identified and investigated (Atlas and Bartha, 1973), particularly
recently in the Chesapeake Bay (Walker and Colwell, 1976; and Kator
and Herwig, 1976).

Literature dealing with microbial degradation of

petroleum described enhancement of hydrocarbon oxidizing bacterial
activity and a resulting increase in numbers of heterotrophic bacteria
(Davis, 1972).

Some nitrogen-fixing mycobacteria utilize ethane and

higher paraffinic hydrocarbons directly and other microbes which do
not utilize hydrocarbons directly subsist upon products from or the
dead cell material of hydrocarbon degraders (Wood, 1965
1972).

and Davis,

Scientists working in the Chesapeake Bay area have investigated

the biodegradability and the microbial populations associated with
various oils.

Biodegradation of oil is a dynamic process and different

components are degraded simultaneously but at different rates (Walker
and Colwell, 1976).

Microbial populations indigenous to oil-free

environments and oil polluted environments responded differently to
oil exposure resulting in different quantities of degraded components.
Comparison of four oils (two crude and two fuel) revealed each supported
a unique population of bacteria and yeasts.

Growth of microbes and

biodegradability appeared correlated and greater degradation of aromatics
then saturates was observed.

Low sulfur, highly saturated South

Louisiana crude oil was highly susceptible to degradation and supported
the largest biomass of micro-organisms including Bacillus and Pseudomonas
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N2 fixers.

No. 2 fuel oil contained a relatively high concentration

of aromatics and smaller proportions of alkanes, which remained
essentially unchanged.

Growth on the No. 2 fuel oil was less abundant

and limited to bacteria, including the species of nitrogen-fixers
(Walker et al., 1976b).
A multi-discipline in situ experimental oil spill study,
including enumeration of bacterial populations degrading petroleum
(Kator and Herwig, 1976), was carried out in a York River
watershed
I
marsh from September 1974 through September 1976.

Weathered and

unweathered South Louisiana crude oil was spilled in transite structures.
Concentrations of petroleum degrading bacteria in treated structures
were observed to increase by several order s of magnitude relative to
the control enclosure.

The petroleum degrading component of the

heterotrophic population remained elevated throughout the year, with
Mid and Back marsh zones of weathered oil site supporting greatest
levels.

Kator and Herwig (1976) also found the pattern of heterotroph

counts was bimodal reflecting a temperature correlation where counts
decreased at temperatures near 7°C and increased with seasonal warming.
The overall increase of hydrocarbon oxidizers was positively correlated
with presence of oil.
Recent literature derived from laboratory studies has also
shown that toxic petroleum components could reduce concentrations of
certain types of micro-organisms (Walker et al., 1976a) and affect
abilities of some bacteria for locating substrates (Chet and Mitchell,
1976).

This sublethal effect might decrease the advantage of increased

substrates to nitrogen-fixers in an oil-polluted environment.

Yet

Kator and Herwig (1976) found no detrimental effects on microbial
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populations in the oil polluted marsh.

Numbers of bacteria decomposing

common biopolymers and sediment bacterial counts remained fairly stable.
Documented field studies conducted to determine effects of
ambient levels of active oil pollutant hydrocarbon compounds on algae
and micro-organisms are now rapidly increasing.

But baseline biological

data concerning changes in patterns of distribution and abundance of
affected organisms (at a population or community level) and in physiological processes of the organisms, such as nitrogen fixation, is still
lacking for many geographical areas including Virginia salt marshes.
The literature in general seems to indicate that the presence of oil
(pollutants) in environments may result in increased blue-green algal
and microbial populations and environmental substrate concentrations
conducive for nitrogen fixation.

Diazotrophic organisms in chronically

polluted areas may be stimulated directly or indirectly by the presence
of oil.

Therefore, it would seem a study of salt marsh nitrogen-fixation

rates and algal distribution during chronic oil pollution is important
to the assessment of oil effects on the marsh nutrient cycle and ecology.

MATERIALS AND METHODS
Sampling Location
Two mesohaline marshes located in lower Mobjack Bay of the
Chesapeake Bay estuarine region were selected as sites for a comprehensive oil pollution VIMS research project (Hershner, 1977) and
were also used for the nitrogen fixation study.

The control marsh is

located at the mouth of Goat Point Creek (38°20'N, 76°25 1 W) and the
experimental oil marsh, where No. 2 fuel oil was released bimonthly,
is located off Caucus Bay (38°20'N, 76°25'W) at Mud Point Creek
(Figure 1).

Although the marshes are not adjacent to each other, their

morphometry, tidal pond configuration, and tidal flushing are very
similar.

Salinity range, species, abundances, and zonation of the

flora and fauna are nearly identical in both marshes.
A tide marker was installed at the mouth of the pond to
monitor tidal levels.

The marshes were mapped for vegetation (Hershner,

personal communication - Mud Point Creek - 2,996 m2 and Goat Point
Creek - 5,265 m2 of~- alterniflora fringe).

There were prominent

levees nor pannes and the plant zonation is fairly uniform throughout
both marshes (see Figures 2 and 3).

Cove S. alterniflora marshes

of Mobjack and Caucus Bays can be divided into several main zones
characterized by higher plants and elevation (Ranwell, 1974; Pigott
et al., 1969; Chapman, 1960).

Most of the se cove marshes have a narrow

band of_§_. alterniflora approximately one meter wide fringing the
tidal pool, Juncus romerianus grows behind the Spartina and forms large
30
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Figure 1.

Location of experimental (Mobj ack Bay-M.B.) marshes
Goat Point Creek (G.P.C.) and Mud Point Creek.
(M.P.C.) along Chesapeake Bay estuary.
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Growing behind the J. romerianus are usually

stands in some areas.

large meadows of~- patens and _Q. spicata which become part of the
high marsh where Baccharus halimofolia and Iva frutescens grow.

These

zones do not correspond to the classic zonation of the southern
temperate Atlantic coastal plain marshes consisting of S. alterniflora
in littoral zone, then~- patens and _Q_. spicata in mid to upper littoral,
and J. romerianus in upper-supralittoral zone (Pomeroy, 1955; Teal, 1962;
Blum, 1969; and Chapman, 1972), although this classic zonation can be
found in tidal creeks.
The intertidal marsh community, particularly the first five
meters of the fringing band of vegetation where blue-green algae usually
colonize, was the most likely area for significant rates of nitrogen
fixation and also the most likely to be affected by oil pollution.
Three transects were established in the intertidal area of Goat Point
Creek and Mud Point Creek marshes.

They were approximately 1.5 meter

wide areas extending from the upper mud-flat into the lower S. patens
and _Q_. spicata fields.

Transect I was located in G.P.C. marsh along

the middle edge of the cove of the tidal closest to the bay (Figure 2).
The transect itself was divided into four small zones based on marker
vegetation and tidal level criterion similar to that of Chapman (1941,

1960), Blum (1969), and Webber (1967).

Zone A consisted of the upper

limit of the mudflat area and bare mud with scattered stalks of littoral
~- alterniflora.

The sediments, composed of fine dark silt and some

~-1

clay and sand, were generally unconsolidated and anaerobic - smelling
strongly of hydrogen sulfide.

Zone B consisted mainly of Spartina

containing several bare areas of mud and a few clumps of~- romerianus
at the upper limit.

The sediments were more consolidated than zone A
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Figure 2.

Goat Point Creek (control marsh of M.B.) diagram
of vegetation zonation.
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sediments.

They were composed of silty-clay containing more sand,

fibrous plant detritus, and rhizomes and a thin (0.5 cm) aerobic
layer over an anaerobic black layer containing sulfur-reducing bacteria.
Zone C was a pure stand of J. romerianus and zone D contained Juncus
invaded by areas of~- patens and Q. spicata.

The sediment of zone C

and D had a higher sand and rhizoidal root structure cont~t than
zone B.

These sediments not only contained anaerobic black layers

or areas consisting of precipitated sulfides but also occasional
appearances of orangish-red areas of iron-oxides also indicating the
existence of aerobic microzones.

Some of the sediment of D, especially

in areas where~- patens and Q. spicata were growing, was different
from sediment in other zones.

It was lighter in color, containing

more clay-like sediments and less sand; and probably more aerobic
especially in some areas were highly worked by marsh crabs Uca.

The

average high tide reached all four zones at least once a day - twice
a day in the first three zones.
Transects II and III were located in the Mud Point Creek
(M.P.C.) oil-treated marsh and were divided into four zones A-D which
corresponded to the Goat Point Creek (G.P.C.) control zones in vegetation and elevation characteristics.
mid-perimeter of the tidal pool.

Transect II was located on the

A support structure 10.7 M long was

built along Transect II to support scored plexiglass culture slides
used for possible colonization studies.

Transect III was located at

the back edge of the tidal pond near the entrance of a tidal creek.
It did not contain a support structure, but extended through the same
vegetation zones (Figure 3).
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Figure 3.

Mud Point Creek (oil marsh of !-J.B.) diagram of
vegetation zonation.
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Sampling Procedures
Samples for nitrogen fixation were taken over a period of
a year and a half beginning in the fall of 1974 and ending in the
summer of 1976.

Cores were taken randomly in Transects I-III at low

tide in each of the zones using a one-quarter m2 ring, usually at
monthly intervals and frequently several times a month.

One standard

sampling site was established in Transect II for a variability study.
Control Transect I was sampled monthly beginning in January, but
only during the first eleven months of 1975.

Transect II of the oil

marsh was monitored for nitrogen fixation beginning in November 1974
before the experimental oil spill and thereafter once a month after the
oiling began.

Twenty-one dosages of 0.38 liters of No. 2 fuel oil

was dumped on flooding tides between February 28, 1975 and August
24, 1975.

Transect III was established where oil accumulated initially

and where the graminoid vegetation was first visibly affected.

Transect

III was monitored after the initial oilings and both oil transects
were monitored through December 1975 and in April and June 1976.
Core samples were taken in four specific standard sites of transect IV
and randomly on four areas of the mat surface throughout the year.
Water samples were taken in the channel openings of the marshes.
Sediment and blue-green algal mat surface samples were taken as cores
by modified five cc syringes and transferred immediately to 13.5 cc
serum vials.

The cores were approximately 2.0-3.0 cc in volume and

taken at 0-3 cm depths (usually to 2.5 cm).

Whole S. alterniflora

and J. romerianus shoots were removed as vegetation samples (sampling
begun in July) and a 2.0-3.0 cc volume of "rhizome and mud" units,
and "washed rhizomes or stems" were analyzed in 13.55 cc vials.
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Occasional samples of mud were taken throughout the year at 5 cm
depth, usually adjacent to a clump of rhizomes.

Several plates and

surface planchet sediment samples for the colonization series were
removed during the first four months.
Preliminary Studies
Preliminary studies and observations of the control Goat
Point Creek and oil marshes, Whittaker Creek and Mud Point Creek
carried out during 1974-1975 gave indications of what to expect for
ranges of nitrogen fixation rates and for the effects of oil pollution
on graminoid vegetation and algal succession.

Replicate cores were

run for one sampling area to determine the validity of the acetylenereduction method.

Sediment samples were taken at different depths to

determine optimum depth of nitrogen fixation.

In situ versus laboratory

incubations were run at prevailing ambient temperatures to determine
if differences in incubation environments caused significant changes
in results.
Field Procedures
In situ nitrogen fixation was measured using a modification
of the acetylene reduction technique (Stewart, Fitzgerald, and Burris,
1967) as outlined by Wiebe, Johannes, and Webb (1975).

Duplicate and

sometimes the triplicate or quadruplicate samples were placed in small
ambient temperature water baths and placed near a platform constructed
adjacent to the transect where preliminary preparation for in situ and
laboratory assays were done.

High purity acetylene gas (Matheson Co.)

was transported to the field in several collapsible containers (usually
balloons) equipped with a rubber serum stopper.

The sample bottles
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fitted with serum stoppers were filled with environmental air
(Stewart, 1971; Englund and Meyerson, 1974; Jones, 1974; Wiebe,
Johannes, and Webb, 1975) and a certain quantity of ambient marsh
channel water which covered the cores.

Acetylene was injected to

attain a 15% acetylene gas phase by volume and samples were immediately
shaken for 15 seconds to account for dissolution affects of acetylene
in water (Flett et al., 1976).

After a short equilibration period at

ambient temperature, normal atmospheric pressure was restored by
piercing the stopper with a hypodermic needle.

Samples were incubated

in the field for three-five hours in mid-afternoon during low tide
in a flowing water bath at ambient temperatures.

Control blanks of

the channel water were treated as other samples and control blanks of
sediment samples under all conditions were incubated in the absence
of acetylene.

Dark vials were run wrapped tightly in foil and tape.

Gas phases were sampled at zero time and then every half hour using
one cc disposable gas-tight syringes which were stoppered and transported
carefully back to the laboratory for analysis.

The samples themselves

were transported in small field-simulated ambient water baths to the
laboratory for continued incub~tion in a flowing water bath again at
ambient water temperature and Jight conditions.

Gas samples were taken

approximately every two hours anJ analyzed immediately by gas chromatography.
Laboratory Studies
A series of samples were taken each month in the same manner
as previously described, but after insertion into the appropriate
reaction vessels in the field, were transported to the laboratory
(time interval of 20 minutes) in a wat~r bath at ambient temperature.
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Temperatures were generally taken in the field over a five to seven
hour period to help determine variation and range for incubations.
Samples incubated at the laboratory were run at daylight (0900-2100)
temperatures for ground and air.

Samples were incubated in a constant

field-simulated temperature water bath for 24-65 hours under either
natural light (out-doors) or in a controlled environment incubator
at a light intensity of approximately 2,150 lux for daylight hours.
Light intensity was not limiting to algal activity (Fay, 1976) and
approximated cloudy conditions or light reaching sediments through
vegetation.

Control blanks and dark samples similar to those of the

field studies were run.

Acetylene-reduction assays were begun as

previously described and gas samples were taken approximately every
two-three hours and inunediately analyzed.
A group of six similar mud samples were also run to test the
reproducibility of the assay.

Another group of samples were run at

certain periods of the day (0800-1200, 1200-2400 and 2300-0300, 1300-2200)
to determine if a diel pattern for fixation existed.

Laboratory experi-

ments involving light versus dark and aerobic versus anaerobic incubations
were run in an attempt to detennine whether the origin of N2 fixation
was primarily algal or bacterinl.

Anaerobic acetylene-reduction assays

were run for the months of July through November.

'!'he marsh water

was purged with a flow of nitrogen to remove the oxygen and the gas
phase was 15% acetylene by volume in helium.

The samples were incubated

both outside in ambient water baths and in the controlled environment
incubator with control blanks and dark samples.
The initial plates, planchets, and cores were analyzed for
algal colonization.

A general identification of algal species was

40
made to monitor possible seasonal or pollution effects on the distribution.
Other parameters to be related to the nitrogen-fixation assays were
monitored.

The temperatures (ground, water, air), amount of light,

salinity (channel water), tidal fluctuations, and observations of growth
of the graminoid vegetation were collected for each sampling period.
Nutrient samples were collected and frozen for NH!-N analyses (Solorzano,
1969) and urea(Newell et al., 1967) in order to determine a possible
relationship between the concentrations of combined nitrogen in marsh
waters, tidal export, and biological nitrogen fixation.
Gas Chromatography Analysis
Ethylene was determined by gas chromatography with a Varian
Aerograph 600-D chromatograph (H-flame ionization detector) fitted with
a Poropak N column (1.8 M by 0.3 cm) maintained at 60-70°C.
was used as the carrier gas at u flow rate of 25-27 ml min- 1 •

Nitrogen
Control

and blank peak heights were subtracted from sample peak heights.
Ethylene peaks were quantitated using peak heights of known amounts of
ethylene.

Methane was used as Gn internal standard (in the absence of

detectable methane related metabolism as demonstrated by the control).
The rate of acetylene reduction was converted to nitrogen reduction by
assuming a molar ratio of 3:1 since reduction of the former is a two
electron process whereas reduction of the latter requires six electrons
(Hardy et al., 1968).
Calculations of Nitrogen FixatLon Rates
The rate of nitrogen fixGtion in terms of ngN/g dry sed/h
was calculated by using the formula:
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m x f x vol-corr x 28.02
3 x g dry weight

= Rate of N2 fixation

m = corrected chromatogram (mm) units of ethylene per hour

determined from linear regression analysis
f = the calibration value determined from the ethylene
standard curve (moles of CzH4/chromatogram(mm) unit)
(m x f) = moles of ethylene
Vol-corr = volume correction factor to give value for total
volume of sample
Molar ratio:
3:1
Molecular Wt:
28.02

Conversion factor for acetylene reduction to
nitrogon reduction
Conversion factor for nmoles N to ngN fixed

Dry weights were determined for sediment~ algal ma~ and vegetation
samp les as well as surface areas for algae.

Rates obtained from

Mobjack Bay were also calculated in several different units and time
used in the current literature in order to compare the fixation activity
particularly of the salt marsh studies of Jones (1974); Van Raalte et al.
(1974); Whitney et al. (1975); ~arsho et al. (1975).

Jones (1974)

expressed sediment rates as µgN/g dry wt/day and accordingly some
experimental rates were multiplied by 24 for comparison.

The most

commonly used units were µg N fL xed/m 2 /h, ngN/g dry sed/h, and ultimately
mgN/m 2 /day.

A conversion factor of g/cm 3 f or expressing ngN/gm dry

sed/h as µgN/m2/h was calculated ns follows for the different types
of s amples.
average core weight x
average care volume
B

depth of greatest= g dr~ wt
activity
cm

2
= Range - (.422-1.3] g/cm3) x (2.0-3.0 cm) x (104 cm /m2)

=

g dr~ wt
m

The corresponding B value multiplied times the sample nitrogen fixation
2
rate (ngN/g dry sed/h) gave µgN/m2/h and times 24 gave mgN/m /day.
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Nitrogen Fixation Studies of Other Virginia Marshes
Nitrogen fixation studies similar to the ones performed in
the Control-Goat Point Creek marsh and the oil-treated-Mud Point Creek
marsh, were carried out in other wetland areas of Virginia during the
years of 1975-1976.

Representative samples were taken from the mud and

vegetation of the intertidal community, pools covered with blue-green
algae, and blue-green algal mat from control and impacted areas of a
Yorktown relic salt marsh (0-14 0/00) affected by sewage effluent.

A

study of nitrogen fi;rntion was also carried out on the mudflats and
intertidal (S.
alterniflora and -S. -----patens) marsh community of Gates Bay,
a higher salinity marsh (27 0/00) located near Wachapreague, Eastern
Shore.

Representative samples were taken of mud-flat sediment, inter-

tidal sediment, vegetation, blue-green algae, and blue-green algal
encrusted stems of S. alterniflora bordering creek b:mks.

A study of

the oil polluted area of bay-side Eastern Shore fringing-beach marsh
at Vaucluse Shore (15-20 0/00) affected by the February 1976 oil tanker
spill was carried out by VIMS investigators (Hershner and Moore, 1977);
nitrogen fixation rates were determined for the oil polluted marsh area
where blue-green algae were recolortizing a former large mat area covered
by the crude oil (see FigurP 4).

Samples consisted of colonizing

blue-green algae and intertid :1 1 sediments.

Experimental methods for

these various studies were rh 0 same as those dPscribed for Mobjack Bay
marshes .
.§.!atistical Analysis
A one-way classification of analysis of variance was used
for tests of significance among means to determine zonal differences
of rates of each of the marshes.

The null hypothesis that the treatments
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Figure 4.

Location of experimental Eastern Shore (Vaucluse
and Gates Bay) marshes.
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were equal was rejected if the probability of committing an alpha error
was greater than 0.05.

Student-Newman-Keul's multiple range test

statistic (Steele and Torrie, 1960) was calculated to determine which
treatment means were significantly different.

Product-moment correlation

analysis was used to measure a relationship of two variables (change
in months and different zones) for control vs. oil differences and
Wilcoxon rank sum test for paired comparisons was used for the in situ
vs laboratory incubated, dark vs. light, anaerobic vs aerobic, and
diel experiments.
Torrie).

The significance level wasp~ 0.05 (Steele and

The student t-test was also used for determining differences

in paired treatments and the significance level was held at p

0.05.

RESULTS
Distribution and Variability of Acetylene Reduction Activity
Initial controls showed no ethylene production in the presence
of a fixative nor
of acetylene.
incubation.

did controls run throughout the year in the absence

Samples manifested no loss of ethylene after long
Nitrogen-fixation was not detected in channel, tide pool

or Mobjack Bay waters used in the assay.

Results from replicate

'

sediment samples from one sampling area used to determine variability
of acetylene reduction method nre presented in Table 1.

The mean for

six sediment replicates was 0.515 ng ethylen e /g dry sed/hr with a
standard deviation of 0.174 (CV=33.9%), indicating positive methods
reliability considering inh e rent heterogeneity of sediment samples.
Acetylene reduction occurred in all transects, but the rates were not
uniform throughout the intertid;1l sediments.

Preliminary experiments

to determine optimum sampling dL·ptii for the sediment column demonstrated
tha t acetylene reduction rate~ deL·rcased below three cm (Figure 5).
The top 2-3 cm consistently gc1v<' lhe highest nitrogen fixation rates
and were s a mpled throughout the y cn r.

Resu1 ~" for intertidal sediment

nitrogen fixation monthly, seasonal and anm1al 1:,: in the four zones of
th e two Mobj ack Bay (M.B.) mcirs hcs are summ.'.lrized in Tables 2 and 3
2
in terms of ngN/gm dry wt/h r1nd Tables 4 and 5 in terms of µgN/rn /h.
Nitrogen fixation activity throHgl>out the yt:•ar for each sampling period
(including the filamentous green-algal eovert>d sediment rates) are.
given in Appendix Tables Al-3 in terms of n )..; N/g dry wt/hand Tables
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Figure 5.

Vertical activity profile of sediment.

Vertical Activity Profile
Nitrogen fixation rate versus depth.

Ranges and means of Mobjack Bay

G.P.C. marsh January, 1975 samples at various depths (run at 20°C).
(ngN fixed/g dry sed/h)
Sediment Column (cm)

3

5

>
\

Range

Mean

0-9. 85

4.57

0-12.17

5.36

0-4.32

1.22

0-2.35*

0.50*

10
Depth (cm)
*Rates of samples taken at various 5 to 10 cm sections were grouped
together.

Table 1.

Reliability replicate experiment for Goat Point
Creek (G.P.C.) January 1975 intertidal sediment
samples.

Sample dry wt (g)

ng

C2H2 produced
ng/g sediment

1.912

.679

.355

2.858

1.070

.374

1.932

1.334

.692

3.378

2.349

.695

2 .134

.733

.344

1.453

.632

2.3

Mean= .515

47

Sm= .0712
a = 0.174

Table 2.

Seasonal (monthly) variation of nitrogen fixation rates for intertidal sediments of
Mobjack Bay marshes, Goat Point Creek (G.P.C.) and Mud Point Creek (M.P.C.) (Zones A-D).
Control (G.P.C.) vs OIL (M.P.C.) (ngN/g dry sed/h)

Year
1975

ZONE
MONTHS
Jan
Feb
Mar
Apr
May
June
July
Aug
Sept
Oct
Nov
Dec

1976

CONTROL
4.47
0
0
0
0
*13. 71
0.81
0

*12.68
0

-

A

OIL

CONTROL

-

4.57
0
0.01
5.35
3.55

1.85
0
0.55
*7.23
0.14
0
0
0
0
0

*April

3.01

*June

8.03

.001
*1.15
3.44
1. 73
0

-

B

OIL

-

CONTROL

2.87
0.72
1.31
*6.12

5.36
*2.69
*2.93
1.23
*4. 77

*21.34
0
*17.15
0
0
.01

1.86
0
3. 67
2.45
0
0

.001
4.01

C

OIL

-

0
0
4.93
*12.87
*16.66
*25.67
*24.42
0

*O
.01
.001
12.5

CONTROL
*33.13
*8.87
*2.81
*5.88
*3.06

D

OIL
0
0.42
2.29
*8.67

6.44
*8.33
1.87
0
.001 *24.05
3.0
10.60
0
0
*O
7 .34
84.58

*combination - an average of intertidal sediment nitrogen fixation values including
filamentous green algal-covered sediment values.

.,...
00

Table 3.

Seasonal and annual average nitrogen fixation rates of 1975 for intertidal sediments of
Mobjack Bay marshes Goat Point Creek (G.P.C.) and Mud Point Creek (M.P.C.) (Zones A-D)
inclusive(*) and exclusive of filamentous green algal-covered sediments.
Control (G.P.C.) vs Oil (M.P.C.) (ngN/g dry sed/h)

Year
1975

ZONE
SEASONS

CONTROL

A

OIL

B
CONTROL
I

OIL

cc

I CONTROL

OIL

I CONTROL

D

OIL

Winter

a1.12

1.40

1.12

1. 79

3.275

1.68*

15.90*

0.21

Spring

0.0

3.10

2.97

5.10*

2 .96*

6.18*

2.63

4.35*

Summer

4.84*

0.08

1.19*

17.70*

1.43

16.89*

2.77*

12.82*

Fall

5. 70

0.0

0.01

2.44

o.o

2.25

3.80

Average:

2.46(32)h

0.98(34)

1.92(38)

5.35(47)

2 .21(35)

6 .36( 41)

7.83(34)

4 .09(38)

*Average:

2.95(34)

0.98(34)

1.98(40)

8. 53(55)

2.41(40)

9.38(50)

6 .81(39)

5.44(34)

I 1.14

aseasonal averages computed from all data points.
hvalues in parentheses represent total number of replicates.

'°

Table 4.

Seasonal average nitrogen fixation rates of 1975 for intertidal sediments of Mobjack Bay
marshes (G.P.C. and M.P.C.) inclusive(*) and exclusive of filamentous green algal-covered
sediments.
Zones A-D (µgN/m 2 /h)

G.P.C.

Season
Control

A

Winter
Spring
Summer
Fall

31.64
0
90.28
161.34

Average

M.P.C.

71.36

B

*

31. 75
83.99
33.76
32.38

(136.27)
(82.49)

45.47

C

*

92.68
83.68
40.44
33.68

(41.86)
(47.50)

62.62

*
(90. 62)

D
267. 2
74.32
78.39
63.68

*
(449.97)

120.88 (166.59)
(75.765)
Overall Average: 93.09*

Oil
Winter
Spring
Summer
Fall

39.62
85.18
2.35
0

aAverage

11. 79

I
I

50.66
83.99
315.55
.02

(144.36)
(500.91)

112 .55

(173.98)

31.67 (47 .49)
167.68 (175.01)
330.83 (477 .87)
.028

I

132 .55

5.95
123 .11
199.68
107.54

(146.89)
(362.83)

(175.09)
109.07 (155.80)
Overall Average: 132.11*

aAverages computed from all data points.

VI
0

Table 5.

Annual average nitrogen fixation rates of 1975 for
intertidal sediments of Mobjack Bay marshes (G.P.C.
and M.P.C.) inclusive(*) and exclusive of filamentous
green algal-covered sediments.
(µgN/m 2/h)

Season

G.P.C.-Control

M.P.C.-Oil

*

*
Winter

al05.80

151.51

31.97

35.93

Spring

49.69

62.63

94.99

117.86

Summer

51.93

81.58

211. 52

335.99

Fall

72.77

26.89

aAverages computed from all data points.
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Vegetation-associated nitrogen fixation rates of oil (M.P.C.)
and control (G.P.C.) salt marshes.

Table 6.

(µgN/g dry wt/h)
Sampling Date

Rhizome & Mud

Washed Rhizomes

Rhizomes & Stem

Stem

Oil

July 29

.034

Sept

4

.156

Oct.

4

.108

.180
.296
.181

.415

Control
Oct. 12

.008

.053

. 236

.289

Oct. 28

.278

.053

.163

.072

Oct. 28

.088

.065

Nov. 14

.ooo

Dec. 14

.000

Oil

.113

.085

.049

,023

.087

.020

(µgN/g dry wt/day)
Rhizomes

Stems

Stem

Season

Total Rhizomes

July-Sept

1. .545

4.323

4,612

Sept-Oct

3.089

4.879

5.460

.510

1.621

.526

Nov-Dec
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Table 7.

Average nitrogen fixation rates of blue-green
algal mat (Transect IV - Mud Point Creek) for
1975.

(µgN/m 2 /h)
Monthly
Ave.*

Season

(mgN/m 2 /day)

Feb

534.0

Winter

9.66

Mar

0.0

Spring

45.23

Apr

4,588.0

Summer

11.56

May

693.0

Fall

Jul

224.2

Average*

Aug

513.8

Oct

660.4

Nov

15.8

Dec

72.2

5.99
20.1

Range (0-11,075)
Average:

835.2

*Averages - compilation of individual sample data values.
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Table 8.

Nitrogen fixation rates of Eastern Shore salt marshes.
Wachapreague-Gates Bay
(April, 1976)
Intertidal sediments
(ngN/g dry sed/h)
Mudflat zone
0-2 cm 3 .10
2-4 cm 2.15
Spartina zone
0.54
Blue-green algae
(µgN/m2/h)
Epiphytic (Spartina)
99.5
Spartina zone

471.4

Vauclus e Shores
(June, 1976)
Blue-green _Algal Mat
( µgN /ri-:Z-/h)
Sites 1-3 (large oil levels)
Range:
1,062-4,388
Average: 2,690
Sites 4-6 (modera te oil levels)
Range:
482-8,640
Average: 3,043
Overall Average:

2,730

Table 9.

Yorktown June and July average nitrogen fixation rates for
several salt marsh areas. Units are µgN/m2/h unless
otherwise indicated*.
ImEacted
July

June

Control

July

SamEling Area

June

Floating blue-green
algae

2,127.0

2,687 .o

2,196.0

4,963.0

~- alterniflora
blue-green algal mat

None
existed

1,643.0

1.881.0

5,944.0

Mud and algae

1,095.0

Bare mud
Impact pond

142.6

Bare mud
Impact stream
Vegetation
Impact Stream
Average Sediment:
Average algal:
mat and floating
algae

786.74

31.44

Mud under algal mat

0.0

530.0
91.06
slight activity

*18.99; slight activity
ngN/g dry wt/h
278.0
101.46
wt/h
dry
n~N/g
2,339.0

2,127.0
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2,039.0

5,290.0
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A4-5 in terms of µgN/m 2 /h.

Data for M.B. vegetation samples are shown

in terms of µgN/g dry wt/(h or day) in Table 6.

Monthly and seasonal

average blue-green algal mat area nitrogen fixation rates as µgN/m2/h
are presented in Table 7 and rates of each sampling date and sampling
site are shown in Figure 6 (see also Appendix Table A6).

Results for

Eastern Shore and Yorktown marshes are given in Tables 8 and 9.
Comparable rates of acetylene reduction occurred when preliminary (Jan. and Feb. 1975 - see Table 10) assays were initiated and
incubated in the field or at the laboratory at prevailing ambient
temperatures.
laboratory.

Consequently, most of the samples were run at the
Low rates of acetylene reduction observed in preliminary

marshland studies required long incubation periods.

An initial

experiment to determine optimal length of incubation demonstrated that
acetylene reduction by the intertidal sediment microflora continues
for at least 12 hours and sometimes up to 65 hours.

Figure 7 contains

time courses of ethylene production for mean of triplicate aerobicallyrun January 1975 intertidal sediment and blue-green algal mat samples
run in incubator at 25°C.

Figure 8 shows time courses for mean of

triplicate aerobically-run January 1975 sediment and aerobically and
anaerobically-run July 1975 sample run in incubator at 25°C.

Rates

were linear for incubator times up to 65 hours but decreased at longer
times.

All types of samples for the different studies manifested a

"lag" phenomenon (demonstrated in Figure 7 and 8) as noted by several
other researchers using the acetylene reduction technique (Waughman
and Bellamy, 1972a and b; Gotto and Taylor, 1975; Blasco and Jordan,
1976; Nelson et al., 1976).

Acetylene reduction activity usually

did not begin for up to 4-8 hours for algae and up to 8-10 hours for
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Figure 6.

Mobjack Bay blue-green algal mat (Transect IV
sampling sites 1-4) nitrogen fixation rates for
each sampling date in 1975.
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Figure 7.

Time courses for nitrogen fixation aerobically-run
assays of Mobjack Bay (Transect II and IV).
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Figure 8.

Time courses for nitrogen fixation aerobically and
anaerobically n1n assays of Mohjack Ray intertidal
sediments.
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Table 10.

Ambient temperatures and light (in situ) field incubation
versus field-simulated laboratory incubation nitrogen
fixation rates.
Oil (M.P.C.) marsh rates

1975
January

February

Table 11.

Field vs Laboratory
29

89.5

125.0

6

2 9. ()

17.0
0
241.l

11
25

(, 'I

269.1

Diel varic1tion experimental results for Ft'lHuary and
July 1975 Mobjack Ba v mean nitrogen fixation rates.
Intertid.:11 Sediments
·---•-•·-··---·- - --- -·- -

Intervals

- ----- ·- - ·--·-

*A)

0900-1200

\ 1.:. rSl!.5

18.84

19.88
>'<B)

1300-2200

2 -l00-0300

14.35

14.88
*C)

1200-2300

1300-2200

0900-1200

34.38

3.68

*t statis tic for p a ired comparisons not significant at p
level.

60

0.05
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sediment samples.

Once acetylene reduction had begun, rates were

usually linear for i~cu0ation times up to 20-65 hours .. This was true
for all incubations whether begun in early or mid-morning, mid or late
afternoon, or early evening.
Significant (at p

0.05) diel patterns were not observed

for Mobjack Bay intertidal sediments nor blue-green algae mat samples.
Rates for several replicates were calculated for incubations between
0900 and 1330 and for a second series between 2300 and 0300.

These

intervals were chosen to obtain maximum possible effects of periodicity
in N2 fixation rates (Whitney et al., 1975) and were compared with
incubations for mid and late afternoon.

Results presented in Table 11

showed no significant differences between the intervals.

Although

one series (light/dark) of blue-green algal samples evidenced a trend
for higher rates between 1300-2000, it did not indicate a specific
diurnal pattern.

The other blul~-green algal samples did not manifest

the same trend.
Nitrogen fixation ratc-s, deter:-ained from two to six
replicates, usually three, taken randomly from eac h zone in the four
Mobjack Bay transe cts showed great variations during the yea r with
large ranges frequently inc J ttding several z~ro values .

Intertidal

sediment ethylene production from a Zone B standard sampling site
demonstrated great variability week to week (Figure 9).

Blue-green

algal mat results s:10wn in Figure 6 (s ee Table A6 Appendix) reveal
great variability among samplf sites and r esults given in Table 12
for standard si te experim,:::nts demnnstrate reduced, though still
considerable variability.
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Figure 9.

Standard sampling site M. B. zone B-Transect II
nitrogen fixation results for sample dat~s in 1975.
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0

10
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22
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29

Table 12.

Standard sampling sites - Mobjack Bay Transect IV bluegreen algal mat nitrogen fixation rates for four sites
(B-Gl-B-G4).

Sam:eling Date
Feb

26

B-G3

B-G4

179.2

429.2

11,075.0

1,467.0

4,025.0

10,825.0

1,258.0

1,096.0

412.50

454.2

o.o

695.0

403.8

912.9

o.o

1,108.0

850.0

237.9

B-Gl
694. 0

B-G2
338.8
270.8

Apr

Aug

Oct

25

2

4

2,367.0

327.5

778.8
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The largest and most consistent rates of acetylene-reduction
in the Mobjack Bay marshes were found in the 0-3 cm surface sediment
samples obtained in zones B-D from the intertidal marsh communities
during April through October (C.P.C. control B-D average 94.26 µgN/m2/h
and A-D average 93.09 µgN/m 2 /h (2.64 ng/g dry sed/h) and M.P.C. oil
B-D average 168.44 and A-D average 132.11 µgN/m 2 /h (6.08 ngN/g dry sed/h);
from the vegetation samples of A and B zones where the averages were
generally higher (136.2 ngN/g dry wt/h); and finally from a blue-green
algae mat adjacent to the M.P.C. oil marsh where the rates were the
highest (average - 835.2 µgN/m 2 /h).

Nitrogen-fixation activities

ranged from undetectable amounts to various maximums for the different
types of samples as follows:

(1) Intertidal sediment - control G.P.C.

(1,521 µgN/m 2 /h) and M.P.C. oil (2,394 µgN/m 2 /h); (2) Vegetation 676.0 ngN/g dry wt/h (16.23 µgN/g dry wt/day) - Blue-green algal mat 11,075 µgN/m2/h.

Mobjack Bay blue-green mat samples were not directly

affected by the experimentally induced chronic oil pollution and their
nitrogen fixation activities were not considered in oil treatment
comparison, but were used for relevant seasonal observations and rate
comparisons particularly with other Virginia salt marsh rates.
The most consistent and highest nitrogen fixation rates
observed for the Eastern Shore ,md Yorktown marshes occurred predominantly in ::tssociatinn with b J 11c- green algae.

The rates, as for Mobjack

Ba y, were widely dispersed, nmgiog from undetectable amounts to high
max imums of:

(1) Wdchapreaguc• (C,1tes Bay) - 637 .3 µgN/m 2 /h;

(2) Vauclus e Shores - 8,640 µgN / m2/h; and (3) Yorktown - 5,944 µgN/m 2 /h.
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Environmental Conditions
Temperature ranges during the sampling periods and for the
incubations are shown in Tables 13-15 and Figures 10-12.

Largest daily

temperature excursions in all areas of the marshes occurred in the warmer
months (June, July, Aug. & Sept.) when the surface centimeter became
heated in full sunlight.

The smallest temperature excursions occurred

during the cooler months (Feb., April, Nov. and Dec.).

The greatest

daily variations occurred in surface temperatures of the blue-green
algae mats during the summer, where temperatures reached 40°C under
full sunlight.

Nitrogen-fixation by samples was not decreased by the

highest of incubation temperatures 38°C (Figures 10-12 and Tables 13-15).
The ground temperatures for the wanner months ranged from 22.0°C to 38.0°C
during the daylight hours and dropped to 18 to 20.0°C at night.

During

the colder months, temperatures ranged from 6.0 to 15.0° during daylight
hours and Oto 8.0°C for the night.

Differences for daylight and

night time temperatures were large (4.0 to 20.0°C) throughout most
of the year, particularly during the summer.

Yet rates were linear

for assays run through these total 24 hour temperature flucuations.
No significant (at p ;S O. 05) differences were observed between fieldsimulated incubations run for the day tlme ground temperature variations
and those ("ambient") run for full 24 hour range of temperatures
(Tables 16 and 23).

Consequently, most of the assays were run at the

higher day time temperature range, producing a relative estimate of
actual nitrogen-fixation activity for the month.
Although nitrogen-fixation rates did not correlate with
temperature within the daily range, the rates did show a seasonal
variation.

This was demonstratE'd in Figures 10 and 11 where rates of
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Figure 10.

Seasonal variation in 1975 of M.B. control Goat
Point Creek (G.P.C.) nitrogen fixation activity and
field-simulated ambient ground temperatures for the
four zones A-D.

Vertical lines represent day-time

range of temperatur es during incubation.
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Figure 11.

Seasonal variation in 1975 of M.B. oil Mud Point
Creek (M.P.C.) nitrogen fixation activity and
field-simulated ambient ground temperatures for the
four zones A-D.

Vertical lines represent day-time

range of temperatures during incubation.
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Figure 12.

Seasonal (muntl1ly) variation iu ll/75 of M.B. bluegreen a.lgal mal niLr,iger. fixation ~ctlvity and
field-simulated c1mbil"ll t ground ternper:.1t11res.
Vertie.al lines repn·!- L! lll" day-tlme range of temperatures
during incubatiotl.
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Table 13.

Control G.P.C. marsh tempera t ure variations during sampling and experimental periods.

Year
1975
SamE_l. e Dat e

10.0

12.0-20.5

22.5

9.5

21.0

12.0

b

l.5-15.0

6.0-9.5

8.5

13 .o

4.5

13 .o

7.0

16

8.0
8.5-13.5

8.0
10.5

5.0-8.0
6.0-9.5

10.0
11.5

"•J
.)

10.0
11.0

8.5
7.5

8

18. G- ~. 9.5
17.5-20.0

15.0-19.0
23.0

14.5-15.5
21. 5

18.0
22.0

l'. 0

8.0

18.0
21.5

14.0
18.0

22

6

24.0-28.0
31.0-~4.0

25.0-27.0
31.0-33 .5

26.0-27.0
30.5-32.5

27.0
33.0

16.5
21. S

27.0
31.0

21.0
28.0

10
22

31.0-27.0
26.5-30.0

31. 5-33. 5
25.5
30 .5-31.0

31.5
27.5-32.0
30.5

31.0
32.0

19.5
21.0

32.0
32.0

28.0
26.5

32.0-33.0

35.0

35.5

23.5

35.5

32.0

29

Feb

~ar

Ma y

ju l y

Exp er imen tal **
Incubation Temp.(°C)
Maximum
Minimum

22.5

Jar:

Apr

Air

Temperatures (°C)
during sampling
Ground
Water

Field-simulated
(24 hr variation)*
Incubation Temp. (°C)
Max1.mum
Minimum

78

26

29

18 .8-31.5

;

'

-

. c..

l.4

34.0

Se p :

4

35.0

32.5

32.5-34.0

38.0

22.0

38.0

29.0

Ocl

12

28

21.0
29. 5-31. 5

20.0-25.5
20. 5-21.5

22.5
24.5

25.5
30.0

16.5
16.0

25.5
24.5

20.0
20.0

:~o v

14

16.0-18.0

13.0-15.0

17.0

8.5

16.0

12.0

Aug

13 .o

*24 hour variation of ground temperatures
**Ground temperature variation during day

"'

\0

Table 14.

Year

1975

S&i!!E_le Date

Oil M.P.C. marsh temperature variations during sampling and experimental periods

Temperatures (°C)
durin g sampling
Air
Water

Ground

Field-simulated
(24 hr variation)*
Incubation Temp. ( °C)
Maximum
Xinimum

Feb

11

2S
26

13.0
l~.O
1,.0-1~.o

6 .2-8.0
15.5
14.5-15.5

}it..1.r

,.12 ('

o. )- 7 .G
7.5-8.5

10.5-11.0

7.S-8.0

8.0
10.0

8.0
l~.O

18 .C• - 19 . 5
1 7.5- 20 . 0

14.5-15.0
:3 . 0

14.5-15.5

19 . S

22.0

14.()

24.0-25.0
31. u-34 . o
26.5-30.0

25.5-26.5
31.0
23.0-2<'+.5

21.5-27.0
30.0-32.5
19.5-26.5

17
22
29

31.0-37 .o
26.5-30.0
30.5
29 .0-40.0

31. 5-33. 5
25.5
32.5
30.5-31.0

l4

26 . 0- 38 .0

.:,

.~n r
::-1ay

July

Aug

Sepr:
Oct
Nov

Experimental**
Incubation Temp. (°C)
Maximum
Minimum

5.5

13. 5
18.0
15.5

5.5
9.0
13 .0

4 ,,

7.5

9.0
11.0

6.0
8.5

'S

18. fJ

:n. 5

14.0
18.0

27.0
33.0

16.5
21.5

27.0
31.0
26.5

21.0
28.0
24.0

31.5
27.5-32.0
32.5
31.0-31.5

33 . 0
32.0
33.0
40.0

19.0
21.0
23. 0

J 2 . CJ

21. 0

32.0
33.0
32.0

28.0
26.5
27.5
29.0

30.0-32.0

3 2 . 0-33. 0

38.0

23.3

33 .0

30.0

35.0-40.0

32.5

32.0-38. 0

38.0

22.0

33.0

27.0

28

4

24.0-28.0
30 .0-31. 5

32 .0
21. 5

23.0-31.0
28.0-29.5

34 .0
30.0

21.0
16.0

31.0

29.0

28.0
28.0

14

12. 5-13 .0

14.0

13. 5-14 .0

15.5

10.0

15.0

13 .0

<)

2c,
".'I

22
30
l()

10.5-13.0
10.0-13.0
14.0-16.0

21. 5

13 .5
18.0

21 . 0

9.0

t,.

19 . 5

-..J

0

Tabl2 14 (Continued).

Year

1975

Sam..12.le Date
Dec

14

Temperatures (°C)
during sampling
Air
Water

17.0-18.5

14.0

Field-simulated

(24 hr variation)*

Ground

14.0-15.0

Incubation Temp. (°C)
Maximum
Ninimum

17.0

8.5

Experimental**
Incubation Temp. (°C)
Maximum
Minimum

16.0

12.0

*24 hour variation of ground temperatur~
**Ground temperature variation during day

'-I
t--'

Table 15.

Year
~975
Samp_le Date

Blue-green algal mat (Trans ec t IV) temperature variations during sampling and experimental
periods .

Temp e ratures (°C)
during sampling
Air
Water
Ground

2 .5

26

10. 5-13 .o
15.0-16.0
16.0

Ear

11

6.5-7.0

6.5

Ap r

2~

20 . C'· - 23 .5

.d . C

H ay

8

22

30

26.5
31. 5-34 .o
26.5

10
22

Aug

2

Oct

4

Nov

14

Dec

14

Feb

Jul·.;

11

8.0

Field-simulated
(24 hr variation)*
Incubation Temp. (°C)
Maximum
Minimum
16.5
14.5

6.0
9.5
8.5

13 .5
16.0

14.5

11.0
13.0

8.0

6.0

8.0

7.5

23.0-24.5

24.5

15. 0

2~. 5

19.5

26.5
33.5
22.5-26.5

27 .0-31.0
30.0-32 .5
26.5

31.0
33.0
27.0

16.5
19.5
18 . .J

29.0
31.0
27.0

21.0
28.0
24.0-20.0

30,0-.':)7 .o
30.5-32.5

31. 5-33. 5
32.5

28.0-37 .0
32.5-36.0

37.0
36.0

19.5
21.0

37.0
35.Q

28.0
28.5

32.5-37.0

31. 5-32. 5

37.5

41.5

23.5

37.5

29..0

24.0

34.0

31.0

34.0

21.0

31.O

27.0

10.0-12.5

14.0

14.0

15.5

9.5

15.5

13.0

14.0

15.5

17.0

8.5

16.0

13 .o

18.5

13 .0-15. 5

14.5

10 .5-13 .5
13.0-16.0
14.0

Experimental**
Incubation Temp. (°C)
Minimum
Maximum

8.0

13 .5

13 .5

*24 hour variation of ground temperatures
**Ground temperature variation during day

"
N

Table 16.

Comparison of nitrogen fixation rates for 24 hour ground
temperature variation vs. experimental day time variation.

INTERTIDAL SEDIMENTS

BLUE-GREEN ALGAL MAT

(ngN/g dry sed/h)
Sampling Date

24 h

Exp. d~y

Feb.

11

25

0.00
5.60

0.00
0.00

April

26

1.23

1.92

8

12.06

15.56

July

29

19.30

21.41

Aug.

14

0.82

3.25

4

17.15

6. 9fi

12

14.74

15. 44

7.09

6.45

May

Sept.
Oct.

*Average

Sampling Date

Feb.

11

25

2. 6

Exp. day

270.0
537.5
330.8

875.8
306.7

11

Apr.

25

6,642.6

1,320.8

8

569.6

737.5

380.6
0.00

515.8
0.00

Aug.

731.2

413.3

>'<Average

353.6

368.3

July

10

22

0.00

777 .1

Mar.

May

73

24 h

0.00

74

activity for the sampling areas through the year were plotted with
temperature.

Figure 12 reveals a close relation between nitrogen-

fixation and ground temperature for the blue-green algae.

A temperature

of 20°C has been frequently reported as optimum for nitrogen-fixation
by salt marsh algae (Jones, 1974) and sediment bacteria (Marsha et al.,

1975).

Nitrogen-fixation rates for all areas occurred most consistently

during the late spring - summer months and October, when temperatures
were approaching and exceeding 20°C.

During the colder months, November -

March, when the temperatures dropped below 20°C, especially approaching

10°C and lower, the blue-green algae and sediment nitrogen-fixation
decreased.

Maximum rates of blue-green algae N2 fixation coincided with

the 20°C optimum temperature the April and May temperatures came closest
to a 20.0°C overall average, and the nitrogen-fixation rates were the
highest in those months.

Rates did not seem to increase at temperatures

higher than 28-30°C nor did they seem limited by temperatures up to

40°C.
Control transect I individual and zonal averages did not
follow a pattern coinciding with the four seasons, but instead followed
fluctuations of temperatures.

The peak months for all zones were

January, May, July, August and October, when temperatures were near

20.0°C to 30.0°C.
October.

Maximum rates for all four zones occurred in

Each zone in the control transect (Figure lO)showed slightly

different but perhaps characteristic annual trends in nitrogen fixation
rates.

Zone A and D, the two most different zones, manifested the

greatest difference in patterns.

Zone A showed little acetylene-

reduction activity in the spring, similar activity to the other zones
for summer and fall, whereas a large pulse of nitrogen-fix8tion
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activity occurred in zone Din mid-winter particularly on the January
sampling date when the temperature approached an optimum of 18° to
22.5°C.

Zone D also gave the highest average rates for the spring.

Zones Band C, the two most similar zones, have similar curves with
little differences in seasons.

Both have peaks in January and show

an increase in late spring when temperatures approached the optimum
range.

Significant nitrogen fixation activity occurred in zone C

throughout early spring as in Zone D.
The salinity of the water flushing the cove salt marshes
ranged from 15 o/oo to 19 o/oo (Figure 13) during sampling and the
changes were not great enough to affect the nitrogen fixation rates.
Shading was also not a factor in the experimental marshes.

Algae were

usually not shaded by graminoid vegetation and assays were run in
full sunlight whenever possible.

The intertidal sediment samples

were run in ambient (full or shaded), or incubator light approximating
partly cloudy or shaded conditions.

Differences in lighting conditions

seemed to have little affect on the samples.
Light versus Dark Experiments
The results for dark versus light experiments given in
Table 17 for the intertidal sediment showed no significant differences
(see Table 23) among paired observations with the means for the paired
observations being very close.

Monthly results demonstrated that light

had little or no effect on nitrogenase activity.

The overall annual

average for "light" was higher at 5.28 ngN/g dry sed/h than for "dark"
at 4.61 ngN/g dry sed/h indicating a small role for photosynthetic
organisms in the ethylene produetion.
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Figure 13.

Seasonal varia t ion (1975) salinity of M.B. control
(G.P . C. ) and oil (M . P . C.) marsh ch,rnnel t-.•ater.
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Table 17.

Origin of nitrogen fixation (algal or bacterial)
determination results from paired light versus dark
preconditioned and incubated assays of Mobjack Bay
intertidal sediment cores for months of 1975.

Intertidal Sediment Average Nitrogen Fixation Rates
(ngN/g dry sed/h)
LIGHT
---

versus DARK

Jan

8.03

4.47

Feb

5.60

0.0

March

0.96

2.20

April

2.55

1.51

May

6.58

8.42

July

7.22

4.76

Aug

5.50

8.92

Oct

3.86

9.18

Average*

5.28

4.27

MONTHS

*Average - computed from all data po ints
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Table 18.

Origin of nitrogen fixation (algal or bacterial) determination
results from paired light versus dark preconditioned and
incubated assays of Mobjack Bay blue-green algal mat cores
(Transect IV).
Blue-green Algal Mat Nitrogen Fixation Rates
(pgN/m2/h)

MONTIIS

LIGHT
--·--

April

ve r s us

DARK

5, 1 70.0

1,095.0

May

8
22
30

737.5
1,339.0
498.8

0.0
411. 7
270.8

July

10

22

448.3
0.0

0.0
0 .0

2

574.4

0 .0

Aug

Average>':
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---

--- - -

1 , 253 . 0

254 . 0

79
Blue-green algal mat samples were also run after preconditioning
in dark and light to determine the major source of fixation for the
mat.

Rates varied widely over a range of 0-11,075 µgN/m 2 /h and con-

tained many zeroes for both dark and light assays (see Table 18).
Results of analyses shown in Table 23 demonstrated that there was a
significant difference between light and dark samples.

The overall

average rates were lower for the dark samples at 254.6 µgN/m 2 /h, but
were still high and consistent enough to indicate substantial dark
fixation.
Aerobic versus Anaerobic Experiments
Heterotrophic bacteria are important in marsh and estuarine
environments and were considered the greatest potential contributors
to nitrogen fixation (see Review of Literature).

Anaerobic acetylene-

reduction assays designed to determine if heterotrophic bacteria were
responsible for most of the nitrogen fixation activity showed no
significant differences between samples run aerobically and anaerobically
for intertidal sediments, blue-green algae, and rhizome stem and mud
units (see Tables 19-23).

The overall intertidal sediment anaerobic

averages rate is only slightly higher (anaerobic - 2.88 versus aerobic
2.42 µgN/g dry wt/day) than the aerobic overall average rate.

The

overall averages indicate that the N2 fixation of intertidal sediment
samples run anaerobically were slightly higher but observations of
the zonal anaerobic versus aerobic fixation rates given in Table 19
showed that this was due to the large rates for Zone D.

The anaerobic

zonal rates differ in pattern from aerobic with a dramatic increase
in fixation of zone D while zones A-C anaerobic results are all similar
and slightly lower than the aerobic overall average.

The aerobically-

Table 19.

Origin of nitrogen fixation (algal or bacterial)
determination: zonal average results of paired aerobic
versus anaerobic assays of Mobjack Bay intertidal
sediment cores (including number of zero values obtained).

Anaerobic

Zones

Aerobic

B

130. 76

3

104.16

7

C

190.88

4

106.14

6

D

152.60

4

276.69

5

AVERAGE*

158.08

o's

163.33

80

O's

Table 20.

Origin of nitrogen fixation (algal or bacterial)
detennination: results from paired aerobic versus
anaerobic assays of Mobjack Bay intertidal sediments
for 197 5.
ngN fixed/g dry sed/day
Aerobic

Months

236.93

July

Anaerobic

283.59
90.50

Aug.

lf3 7.80

210.27

12
28

41.20
21. 84

185.33
226.61
183.83

AVERAGE (Oct.)

31. 70

198.46

Nov.

0.00

0.00

Dec.

0.00

0.00

Sept.
Oct.

4

1.41.29

AVER.i\.GE 1• (Jul-Dec)

>',Average - computed from all data points

81

jJ8

.40

Table 21.

Origin of nitrogen fixation (algal or bacterial)
determination: results from paired aerobic versus
anaerobic assays of Mobjack Bay blue-green algal
mat (Transect IV) for months of 1975.

Average Blue-green Algal Mat Nitrogen Fixation (µgN/cm 2 /day)
Months

Aerobic

Anaerobi c

April

26.58

25.98

July

0.00

o.oo

Aug.

O.OD

1. 76

Oct.

0.00

Nov.

.01

.04

AVERAGE*

5.99

5.57

AVERAGE*

2,322.0

2,495.0

*Average - comput(:;d fr1.1m all data points

Table 22.

Origin of nitrogen fixation (algal or bacterial)
detennination: results from paired aerobic versus
anaerobic assays of Mobjack Bay vegetation samples
for 1975.
Vegetation-Associated Rates of N2 Fixation
(µgN/dry wt/day)
AJ.1 Rhozome Units

Stem Units

Aerobir

i\naerohic

4

2. 573

3.732

Oct

4
12
28

2.327
3.210

3.467
'3.478
2.325

9.952
1.596
2.693

Nov

14

0.718

1.082

.562

Dec

14

2.057

Months
Sept

-----·-·

Aerobic

Anaerobic
4.612
11. 269
.808

.490

Average:
of all data points

2.416

2.883

3.70

4.29

Average:
of individual matched
pair data poit1ts only

2.207

2.65

4.57

4.36

(pgN /m? / h)

Average:
of individual matched
pair data points

.12

.10
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Table 23.

Wilcoxon's matched pairs signed-ranks test for difference
between various experimental treatments for the Mobjack
Bay marsh samples.
I.

In situ versus Field-simulated Experiments
n

II.

=

5

Ts= 4*

24 hour versus Experimental Day-time Temperature
Variation Experirn rn ts

Intertidal Sediments
n = 8
Ts= 15*
Blue-green algal mat
= 9
Ts= 18*

n

III.

Light versus Dark Experiments
Intertidal Sedbnents
Ts= 17*

n = 8

Blue-green algal mat
n = 6
Ts= 1**
IV.

Aerobic versus Anaerohi.c Experiments
InterU dal . Se<!_~ments

n

=

5

Ts

= 5*

Blue-green als:~~at
n

=

5

Ts

=

2*

Vegetation-ass~ciated (rhizome units)
= 6
Ts ,= 7*

n

* - Not significant at. 0.05 level
** - Significant at O.US level
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run samples in contrast showed a gradual increase through the four
zones with a high average for zone C.

The intertidal sediment monthly

anaerobic versus aerobic rates can not be considered different (as was
visually evident in Table 20).

Wilcoxon signed-rank analysis (Table 23)

resulted in no significant differences.
Blue-green algal results for the anaerobic versus aerobic
experiments revealed no significant difference in fixation rates
(at p

$

0.05) (see Table 21 and 23).

Means of paired observations were

very close but the pattern through the months indicated a more frequent
occurrence of nitrogen fixation under the "anaerobic" atmosphere.
The anaerobic samples were probably at least microaerophilic at the
algal layer as a result of the oxygen releaaed during incubation.

Cores

were split and the algae and mud layer below were run separately;
results were erratic.

Either nitrogen fixation rates were zero for

both sections, or each showed positive rates or finally one section
fixed while the other half did not.

Results for the samples run as

units were more consistent.
Intertidal Sediment Nitrogen Fixation
Control Goat Point Creek (G.P.C.) Marsh
Zone A of transect 1 consisted of the upper limit of the
mud-flat and scattered S. alterniflora plants,

A golden-brown film of

diatoms appeared in patches sometimes in the winter, spring, and fall.
There were isolated appearances of blue-green algae in the marsh in
the summer (July), but never in the transect.

Blue-green algae made

little contribution in nitrogen fixation, 50% of the "light" experiment
samples resulted in zero values.

Marshes have a short senescent
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period and there was no great variation in the total number of living
and dead Spartina stalks during the year; the living/dead stalk ratio
varied considerably.
Rates of nitrogen fixation in Zone A ranged from undetectable
amounts to 613.7 ngN/g dry sed/day or 25.57 ngN/g dry sed/h with an
average of 2.46 *(2.95) ngN/g dry sed/h.

Fifty-eight and 3/10 per

cent of samples gave zero to "slight activity" rates.

A typical bare

mud zone A sediment core consisted of a brown aerobic surface zone
and the darker anaerobic zones below.

The top cm usually consisted

of flocculent unconsolidated s ediments where no acetylene-reduction
was found at any time of year or under any experimental conditions.
Thes e hare mud samples accounted for nearly all of the zero rates
obtained.

The more solid surface samples taken near the Spartina stalks

gave more consistent rates which came close to the average given by
Marsho et al. (1975) for intertidal sediment samples.

The range of

values for the samples showing activity over the twelve month period
was 0.81-25.57 ngN/g dry sed/h with an average of 7.88 ngN/g dry sed/h.
The relatively high May value of 7.23 ngN/g dry sed/h might be attributed
to the "brown" mud Jones (1974) des cribed, otherwise the low values
a r e probably again due to unconsolidated sediments.

The average value

f o r th e total including negligibl e values zone A surface "adjacent
Spart i n a" samples was 3.56 ngN/ g dry sed/h.
Zone B of the contro l ma rsh contained S. alterniflora and
the t ransition zone fr om S. alt erniflora into

l.· r omerianus.

Tidal

exposure for zone A was for appro ximately six to eight hours at a time.
*(combina tion) _ inclusive of fil amentous gr een algal cove red sediment
core nitrogen fi xation rat e
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Thin films of green filamentous algae appeared during several months
(July through September, December, January) of the year, but only a
few of the algae samples (Jan. and Aug.) gave evidence of acetylene
reduction (see Tables 2 and Al-A3).

Again approximately 50% of the

samples showed none or "slight activity" for nitrogen fixation.

The

range of combined rates was 0-200.93 µgN/m 2 /h, and the average was
47.50 µgN/m 2 /h or *(1.98) ngN/g dry sed/h.

The average rate for the

samples where acetylene-reduction was detected 63.87 ngN/g dry sed/h
or 76.65 µgN/m 2 /h.

Dark fixation rates were extremely variable but

did not differ greatly from thos e run in shaded or fully sunlit
conditions.
J. romerianus was the dominant vegetation in the C and D
zones.

Zone D also contained patches of~- patens and D. spicata.

These zones in contrast to Zone A and B have a year-round cover of
living above-ground vegetation.

Higher elevation resulted in coverage

by the tide for shorter periods of time.

The range of nitrogen fixation

values for the sediments of zone C was 0-53.65 *(8.53) ngN/g dry sed/h
or 0-151.8 µgN/m 2 /h with 33% zeroes and the average at 2.213 *(2.413)
ngN/g dry sed/h or 68.89 (combination) µgN/m 2 /h.

Filamentous green

alga l-covered sediments in zone C were most abundant in the spring
and early summer (March, April, May-July).

Acetylene-reduction assays

fo r zone C filamentous gre en a l gal-cover ed cores result ed in less
neglig i ble values than oc curr Pd fur zone B cores .

The average rate

of nitro gen fi x ation of 3.1 66 111:;N / g dry s ed/h and r ange (0 ·9.6 6 ngN/g
dry sed/h) were still very clo se to those of B.
value obta ined was 2. 20 ngN/ g d ry s ed/h.

The average "dark"

Value s for t h e zone C cores

with filamentous green alga e cover were h i glw r than those for B indicating
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perhaps a greater percentage of associated blue-green algae in Zone

c,

yet the average of dark-incubated cores showed similar activity to
light-incubated cores.
Sediment of zone D were better drained, contained less
moisture, and was probably slightly more aerobi½ especially in areas
of Uca activit~ than the other three zones.

Otherwise the cores were

very similar in appearance to C zone samples.

The percentage of zero

rates for acetylene-reduction for D zone twelve sample dates was 25%.
Late fall and early winter seemed to be the slowest period for
acetylene-reduction activity.

The range of values for sediment was

0-16.98 *(33.13) ngN/g dry sed/h and the yearly average was 4.83 *(6.81)
ngN/g dry sed/h or as areal averages 130.88 *(166.59) µgN/m 2 /h.
Difference in the patterns of seasonal values and the averages
of Zone A values from the other three zones were visually evident
(see Figures 10-12, Tables 2-5).
comparative statistical analysis.

The abundance of zero values prohibited
However the single classification

ANOVA analysis for zones B-D (see Table 24) indicated differences among
the zones were significant.

But follow-up statistical analysis did not

show which zones differed from the others,

Zone D seems to be the

most different as observed from the seasonal patterns in Figure 10
and mean values given in Tables 2-5.
Oil Mud Point Creek (M.P.C.) Marsh
The effects of spillage were manifested in the first few
months, particularly towards the back of the marsh in three small
indentations (including entrances of two tidal creeks) where oil
accumulated ands. alterniflora was visibly affected or destroyed.

Table 24.

One way analysis of variance for zone B-C-D intertidal
sediment sampling areas.
Control - G.P.C. Marsh

Source
Among Treatments
(zones B-C)
Within Treatments
(Error)

df

MS

F

2

192.24

5.56

27

34.55

Fa 0 . 05 (2,27)=3.35

Means (ngN/g dry sed/h)
Zone A
2.95

Zone B

Zone C

Zone D

1.978

2.227

6. 506

Significant differences occur among zones B-C, according to F-test.
Student-Newman Keuls test gave negative results - did not indicate
which zone was different from others.
Visually evident differences.
Zone A and Care similar, and Zone D may be the most different
from the other zones.
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Zones A and B were most affected by oil pollution.

During June and

July, a yellow band appeared on the Spartina at mid-high tide line
(on the middle of the Spartina stalk) around the whole perimeter of
the marsh.

By late spring and early summer months much of the

s.

alterniflora in Transect III was dead.
Yearly zone A nitrogen fixation rates ranged from 0-21.69
ngN/g dry sed/h (or 0-613.9 µgN/m 2 /h) with an average of 0.98 ngN/gm
dry sed/h or 12.78 µgN/m 2 /h, which was considerably lower than the
control value.

Samples of unconsolidated A zone mud showed no signs

of acetylene-reduction and approximately 66% of the samples taken
near live Spartina fixed nitrogen at an average of 1.31 ngN/g dry sed/h
(37.07 µgN/m 2 /h).
Zone Bis dominated by
of J. romerianus.

1· alterniflora and bordered by clumps

During May, June, July, and September small areas

were covered with thin films of green filamentous algae.
were run and 70% gave positive values.

Twenty samples

The annual average was 5.35

*(8.53) ngN/g dry sed/h or 112.55 µgN/m 2/h *(173.98) with a range of
0-83.0 ngN/g dry sed/h or 0-2.35 µgN/m 2/h.

The summer values were

high at 11.15 *(16.7) ngN/g dry sed/h or 315.54 µgN/m 2 /h,

Algal

covered core rates ranged from 10.79 in the spring to 83.0 ngN/g dry
sed/h (0-2,349.0 µgN/m2/h) in the summer.

The summer average of 500.93

µgN/m 2 /h for filamentous-green algal-covered samples was the highest
for the four zones for Transect s I-III but still lower than blue-green
algal rates.
Zone C nitrogen fixation was generally consistently low.
Several patches of filamentous green algae appeared from April through_
September and once in February in the more thinly vegetated areas.
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Zone Band C monthly fixation patterns shown in Figure 11 were very
similar; zone C yearly average of 6.36 *(9.38) ngN/g .dry sed/h or
132.55 *(175.09) µgN/m 2 /h were also very close to the zone B annual
averages.

However, the zone C range of nitrogen fixation values

(0-32.45 ngN/g dry sed/h or 0-705.14 µgN/m 2 /h) was narrow than that of
B; zone Crates were more consistent throughout the year than in B,
particularly in May and July.

Only 25% of the zone C values were

negligible and three of those occurred in winter.

Zone C annual

nitrogen fixation averages were the highest of all the oil or control
zones; the summer C zone value (11.69 ngN/g dry sed/h or 330.83
µgN/m 2 /h) was the highest for the year of all zones.

The filamentous

green algal-covered cores (dark and light) also fixed nitrogen at a
2
high average - 16.89 ngN/g dry sed/h or 476.84 µgN/m /h - the second
highest average of all the zones.
Zone D showed no visible effects of oil pollution.

Algae

appeared on the mud surfaces often during May, June, July and September.
The rates of fixation (bacterial) throughout the year were again low but
fairly consistent, the yearly average was 4.09 ngN/g dry sed/h or 109.07
2
µgN/m 2 /h with a range of 0-4,683ngN/g dry sed/h or 0-1,521 µgN/m /h.
Highest rates of zone D nitrogen fixation occurred in the summer
sediment 7.06 ngN/g dry sed/h or 199.68 µgN/m 2 /h, especially with the
filamentous-green algal-covered core rates (dark and light) included in
2
the average *(12.82 ngN/g dry sed/h or 362.81 µgN/m /h).

Zone D

algal-covered rates were slightly higher than the C zone rate at
481.55 µgN/m2/h although no algal-covered core sedbnent fixation was
detected during the winter.

The winter nitrogen fixation rate was

very low (5.95 µgN/m2/h), whereas during the fall when fixation dropped
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in other zones, zone D maintained an average to high rate of 107.54
µgN/m2 /h or 3.80 ngU/g dry sed/h.
Zone A of oil transects II and III was also different from
the other three zones with a low overall average and many zero monthly
values.

The ANOVA analysis showed significant differences among the

zones B-D, but the Student-Newman Keules test did not reveal where
differences lie (see Table 25).

Visual observation of Figure 11 and

of the overall zonal averages in Tables 3 and 4 indicate that Band C
averages are very close and those of Dare the most different.
Eastern Shore and Yorktown Marshes
Intertidal sediment samples were similar for all three areas
of Mobjack Bay, Wachapreague, and Yorktown, except the Yorktown rates
were much higher for those associated with blue-green algae (see Tables
8 and 9).

Nitrogen fixation occurred in all areas of the three marshes

except the various creek waters and some of the sediment cores from
Yorktown impacted sites.
sediments.

Rates were not uniform throughout intertidal

The Wachapreague mud-flat surface sediment samples showed

low but consistent rates.

Averages for the top cm and 2-4 cm depth

in terms of ngN/g dry sed/h were 3.10 and 2.15 respectively.

The

samples run in the dark appeared to have the same rates as those run
in the light.

Rates for vegetation zones ranged from negligible and

slight activity to intermediate rates of 1.078 ngN/g dry sed/h or
12.26 µgN/m2/h.

The Yorktown nttrogen fixation rates of sediments

not associated with blue-green algae were very variable and usually
low, whereas the blue-green algal-covered sediment cores fixed at
fairly high rates of (June) 101.46 and (July) 85.8 ngN/g dry sed/h.
There appeared to be little difference between June and July rates

Table 25.

One way analysis of variance from zone B-C-D intertidal
sediment sampling areas.
Oil - (M.P.C.) Marsh

Source
Among Treatments
(Zones B-C)
Within Treatments
(Error)

MS

F

2

545.55

7.057

27

77.51

df

Significant at 0.05 level
Fao. 05 (2,27)=3.35

Mean (ng/g dry sed/h)
Zone A
0.977

Zone B

Zone C

Zone D

8.53

9.38

5.44

Significant differences occur among zones B-C, according to F-test.
Visually evident difference between zone A and the other three zones.
Student-Newman Keuls test gave negative result - did not indicate
which zone was different from the rest.
Zone Band C appear the most similar, Zones D may be significantly
different from Zone C.
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and the overall intertidal sediment average was 7.22 ngN/g dry sed/h,
the highest of the three areas.
Blue-green Algae-associated Nitrogen Fixation
Mobjack Bay
The blue-green mat located at the outer edge of the Mud Point
Creek oil marsh showed fairly consistent and the highest rates of Mobjack
Bay nitrogen fixation.

The mat was composed predominantly of non-

heterocystous mud-binding blue-green Oscillatoriaceae Microcoleus
lyngbyaceous (or Lyngbya aestu~Iii), Microcoleus vaginatus, Microcoleus
chtonoplastes (or Schizothix arenaria), Schizothrix calcicola, Oscillatoria
species (lutea, princeps, and/or submembranaceous) and some (isolated)
nitrogen-fixing forms of Anabaena (torulosa and/or variablis), Nodularia
(harveyana and/or ~umigena), Nostoc commune and Spirulia subsalsu,
all thickly interwoven with some green filamentous Vaucheria.

The

blue-green algal mat studied by Van Raalte et al. (1974) was composed
of heterocystous Calothrix constarenii and non-heterocystous Lynbya
aestuarii which the postulated might also fix nitrogen.

Lyngbya

aestuarii was the dominant algae of English marsh blue-green algal
mats, but cultures of the mat grown in nitrogen-free medium resulted
in the predominance of Anabaena, Nodularia, and Nostoc (Jones, 1974).
Similarly the majority of blue-green algae forming the Transect IV
mat were not proven nitrogen-fixers, but a few nitrogen-fixing forms,
not found elsewhere in the marsh, were scattered sparsely throughout
the mat, perhaps contributing slightly to the high rates.

The layer

of black anaerobic mud, several millimeters thick, occurring beneath
the blue-green algal felts showed signs of nitrogen fixation.

The
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reducing black layer developed probably as a result of sulfate-reducing
bacteria and contained nitrogen-fixing species of Clostridium,
Desulphovibrio, and Bacillus (Burchard, 1972; Jones, 1974; and Kator
and Herwig, 1976) responsible for low but consistent rates throughout
the year.

Also low oxygen tensions present at the interface between

the algal mat and reducing muds might increase the possibility of
nitrogen fixation by non-heterocystous algae such as Oscillatoriaceae
(Lyngbya) and Plectonema boryanum, algae that fix in microaerophilic
conditions (Stewart and Lex, 1970; and Kenyon, Rippka and Stanier,

1972).
Algal Colonization Results
Although M.P.C. zones A and B developed several bare areas
as a result of the oil contamination, blue-green algal mats, which
occurred in the Whittaker Creek oil marsh, did not develop during the.
year and a half of observations at M.P.C.

Only tliin f~s of green

filamentous algae appeared consistently in small patches in zones B-D
from May through September and occasionally during the winter.

The

plates and planchets collected from Jan.-April were devoid of bl~egreen algae and only a few diatoms (Nitzchia, Amphora and Navicula)
were found on them.

Small patches (5 cm~) containing blue-green algal

were observed only twice in the M.P.C. oil marsh during the study.
They were located outside the transects in zone Band remained only
during the summer months.
Eastern Shore and Yorktown Marshes
Large areas of blue-green algae have been found in 0th.er
marshes investigated in the Chesapeake Bay area.

Marshes of the

Wachapreague Eastern Shore area are dominated by S. alterniflora and
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some~• patens and _Q. spicata, growing in classical zonation.

Some

of the intertidal areas are covered by films of blue-green algae.
Also epiphytic blue-green algae coat stems of tidal creek Spartina
throughout the year, a phenomenon not found in other areas investigated.
Samples were taken in April when the temperatures ranged from 22°-26°C
within the optimum range for N2 fixation.

Rates for the vegetation-

'

associated N fixation of the intertidal creek bank zone ranged from
2
37.35 gN/m 2 /h to 124.9 µgN/m2/h. The two intertidal samples containing
the thin film of blue-green algae showed the highest rates of fixation
were 637.307 and 305.2 µgN/m 2/h (ave. - 505.96).

The Wachapreague

April (1976) range of algal rates of 35.37-637.31 µgN/m2/h_ also fall into
the lower range found for M.P.C. transect IV blue-green algal rates.
The greatest abundance of blue-green algae was qbserved in
the low salinity Yorktown relic marsh drained by fresh-water creeks a,nd
occasionally inundated by saline tidal river waters.

Thi.s marsh

contains a mixture of mesohaline type marsh vegetation and upstream
grades into large variety of freshwater marsh plants.
appeared

Blue-green algae

most extensively covering shallow pools, small tidal creeks,

and patches of surface sediment on the control (freshwater) transects.
The quantity of algae increased through spring and summer.

The

abundance of blue-green algae suggested that the nitrogen fixation
could contribute a significant amount of combined nitrogen to the
marsh ecosystem.

Nitrogen fixation occurred in all areas where blue-green

algal mats were present.

Rates for the mats of the control area for

2
June samples ranged from 97.4-2,895 µgN/m /h with an average of 1,882
µgN/m2/h.

The values for the floating algae tended to be slightly

higher ranging from 1,459-2,933 µgN/m 2/h.

The low "dark" value 263.8
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µgN/m 2 /h suggested that the nitrogen fixation was primarily algal in

origin.
The marsh had less moisture and higher temperatures during
July sampling than in June.

The mats of floating blue-green algae had

settled to the mud of the drained pools where they were more easily
sampled.

More areas of the marsh were covered by blue-green algae

particularly the impact sites.

Values were higher for formerly floating

algae (average - 2,687 µgN/m 2/h).

Sites 2 and 3 of the impacted areas

in June gave negligible rates but in July considerable rates occurred
for the areas of mud and new algae at Site 2 and the new site at main
impacted stream where several areas of blue-green mat developed.

Nitrogen

fixation rates were fairly high at the new site (1,643 µgN/m 2 /h), but
mud sample from under the mat fixed at lower rates of 11.11 ngN/g dry
sed/h or 265.9 µgN/m 2 /h.
Of all areas examined, highest rates occurred in the control
area during July.

More blue-green algae had grown on the sediments

and the rate for S. alterniflora sediment was again higher than the
June values (see Table 9).

The control pond had drained leaving a

thick mat of blue-green algae several centimeters thick with a ground
temperature of 32°C.

The average rates were 4963 µgN/m 2/n) were also

more than twice as high as those of June (2196 µgN/m 2/hl.

The overall

averages are much higher than either those of transect IV or of
Wachapreague blue-green algal rates.
Vegetation-associated Nitrogen Fixation
Mobjack Bay
The rhizomes, stems, and associated muds showed significant
rates of fixation for the months July through December of 1975 (see
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Table 6) •

The mean rates for "rhizomes and mud" for the seven sampling

periods was 2.49 µgN/g dry wt/day (0.10 µgN/g dry wt/h) with a range of
0-6.67 µgN/g dry wt/day (0-0.278 µgN/g dry wt/h) and a coefficient of
variation (CV) of 86.6%.

The mean rate for the "washed rhizomes" was

1.63 µgN/g dry/day (range 1.06-2.07) with a CV = 23.3%.

The greater

variation of the unwashed "rhizome and mud" rates apparently came from
associated sediment nitrogen fixation.

The difference between the

"unwashed" and "washed rhizome" rates indicated the "associated muds"
bacterial contribution to nitrogen fixation rates.

Samples of

"associated mud" produced values that might equal this difference
(average associated mud rate - 1.10 µgN/g dry wt/day) in rates.

The

"rhizome, root, stem, and mud" units fixed nitrogen at relatively
high rates most consistently with a range of 0-7 .46 pgN/g dry wt/day
and an average of 3.34 µgN/dry wt/day.

The "stem" samples for October

produced some of the highest rates for the vegetation samples including
11.27 µgN/g dry wt/day run anaerobically for the control marsh and
16.23 µgN/g dry wt/day run aerobically for the oil marsh.

The average

rate of "stem" nitrogen fixation (3.6 µgN/g dry wt/day) did not differ
greatly from other average vegetation rates, because the "stem" assay
also resulted in a porportionally large number of zero rates.
Because the vegetation sampling was not begun until mid stunmer
complete observations of seasonality of nitrogen fixation are not
possible, but rates did seem to follow a temperature pattern decreasing
noticeably in November and December when temperatures dropped below
15°C.

No apparent difference between the oil and control marsh rates

was discerned from rates and averages (see Table 27).

The "rhizome"

unit fixation rates did not decrease when run in the dark nor did the
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stem rates increase appreciably when run in the light.

There was no

significant differences between anaerobically and aerobically run
vegetation samples of any type.
Eastern Shore and Yorktown Marshes
Wachapreague, Gates Bay

I·

alterniflora rhizomes samples

from the creek bank showed 27.21 ngN/g dry wt/h fixation for the
cleaned rhizomes, an indication of fixation activity for mud and
rhizomes, and negligible am0unts for the roots.

Yorktown rhizome

associated nitrogen fixation rates from the impacted areas were very
low to negligible and only one sample gave an appreciable rate (18.99
ngN/g dry wt/h).
Nutrient Analysis
The annual annnonia concentration values for low tides ranged
from 1.0-18.75 µg at N/1 for the G.P.C. control marsh and 0.7-36.0
µg at N/1 for the M.P.C. oil marsh (see Figure 14).

The pattern of

NH+-N values over the year for the G.P.C. control marsh contained a
4
. predominance of higher values in mid to late summer and mid to late
fall, but the Mobjack Bay late winter through early spring peaks did
not correspond to the York River marshes.

The annual M.P.C. oil marsh

ammonia curve followed basically the same pattern as that of the
control, but displayed much larger fluctuations for March, April, and
May.

The mean values are higher although not out of the yearly range

of those reported by Axelrad, and are not as high as some values reported
by Valiela et al. (1974).

The highest value obtained April 8th appeared

to correspond with the first visible effects of oil on the marsh.

The

unusually high peak could also be the result of contamination during
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Figure 14.

Seasonal variation of ammonia ebbtide concentrations
of control (G.P.C.) and oil (M.P.C.) M.B. marsh and
urea ebbtide concentrations of oil (M.P.C.) marsh.
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analysis.

Another unusually high value occurred July 22nd coinciding

with a period of previous (7/19-7/20) heavy rainfall.
Urea values ranged from 0.4-6.25 µg at N/1 and were a small
component of the DON in comparison to the DON levels measured by
Axelrad (1974).

There seemed to be no specific seasonal trend except

for higher summer peaks.

The high peak in October coincided with high

levels of tannic acid from forest run-off into tidal pond water.

DISCUSSION
Distribution and Variability of Acetylene Reduction Activity
The annual ranges of Mobjack Bay nitrogen fixation values
was large including several zeroes and relatively high maximum values:
(1) intertidal sediments G.P.C. control - 49.75 ngN/g dry sed/h (1,521
µgN/m 2 /h) and M.P.C. oil - 83.0 ngN/g dry sed/h (2,394 µgN/m 2/h);
(2) vegetation-associated - 676.0 ngN/g dry wt/h (16.23 µgN/g dry
wt/day); and (3) blue-green algal mat (11,075 µgN/m2/h).

Average

annual nitrogen fixation values were close to those previously reported:
(1) intertidal sediment G.P.C. control - 3.64 ngN/g dry sed/h (93.09

µgN/m 2 /h) and M.P.C. oil - 6.08 ngN/g dry sed/h (132.11 µgN/m 2 /h);
(2) vegetation-associat ed - 136.2 ngN/g dry wt/h (1.716 µgN/m 2/h); and
(3) blue-green algal mat - 835.2 µgN/m2/h.

Considerable disagreement

among weekly and monthly nitrogen fixation values and error estimates
of the replicates throughout the year may be accounted for by the
considerable variation in (1) sediment composition, (2) variation in
abundance and different types of microflora from core to core,
(3) varying environmental conditions.

Other studies (McRoy et al.,

1973; Jones, 1974; Whitney et a l., 1975; Marsha et al., 1975; and
Blasco and Jordan, 1976) also indicated a large range of nitrogen
fixation rates with many zero rates common, but offered no
explanation for the phenomena.

definitive

Experiments where samples were taken

randomly, suggested tha t fluctuations within one sampling date may in
Part reflect patchy dlstribut1on of activity in the marsh. sediments,
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ahypothesis supported by Marsho et al. (1975).

Standard sampling sites

in the blue-green mat, a more uniform sampling area substrate than
intertidal sediments showed lower variability, indicating that nonuniformity of the intertidal sediments may indeed account for variable
rates.

However, the continued presence of weekly and monthly fluctuations

in blue-green mat standard site rates revealed other factors besides
sample composition contribute to observed variations as was suggested
by Marsho et al. (1975).

High variability in Transect II zone B

standard site nitrogen fixation rates reflect great patchiness and
interactions of a wide range of environmental factors.

The small

diameter core sampling method, by sampling random pockets of variable
sediment bacterial populations, may have selected for the microsites
of negligible nitrogen fixation activity.
Although nitrogen fixation activity usually changed with
depth, the activity monitored for the surface 2.5-3.0 cm was considered
representative of the majority of the nitrogen fixed in the four
transects.

Other studies (Brooks et al., 1971; Whitney et al., 1975;

and Marsho et al., 1975) indicate that at least 50% of the fixation in
the sediment column occurs near the surface.

Results from a vertical

profile of Rhodes River marsh intertidal sediment monitored over a year
showed most of the fixation concentrated in the first cm, decreasing
rapidly to 5 cm, and showing little to negligible activity below 10 cm
(Marsho et al., 1975).

However, the results indicated a seasonal pattern

which was temperature related.

Rates at the top cm de creased to rates

comparable to the deeper (5 and 10 cm) cores during the colder months.
One can not assume then, as did Brooks et al. (1971), Whitney et al.

(1975), or Marsha et al. (1975) that nitrogen fixation rat es obtained
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from the top cm centimeters can be multiplied by one factor (2X) yearround in order to calculate annual sediment column fixation rates.
Diel rhythms and light variations did not seem to be a major
factor in nitrogen fixation of the four transects.

Diurnal patterns

of fixation activity have been reported for several environments
including grassland, aquatic, and marine (Stewart et al., 1967b, 1970;
Baladreau et al., 1974; and Peterson et al., 1977), and were correlated
with light-photosynthesis effects, soil moisture, or specific sequence
of plant exudation.

Only blue-green algae of transect IV indicated

diurnal fluctuations of activity, but differences were not significant
nor did they fall into the expected pattern of variable activity for
mid-afternoon corresponding with light-photosynthesis effects (Whitney
et al., 1975 and Peterson et al., 1977).

Although light-photosynthesis

effects are important in aquatic and open-ocean environments where
blue-green algae are the dominant fixers (Stewart and Lex, 1970; Stewart
et al., 1971; Lex et al., 1972), the influence of light intensity
on algal nitrogen fixation rates in temperate regions is minor compared
to temperature effects (Hitch and Stewart, 1973 and Englund and Meyerson,
1974).

Generally light-photosynthesis related effects on marsh nitrogen

fixation, where heterotrophic fixation dominates, are not important.
Light versus Dark Experiments
Results obtained from light versus dark experiments are
dependent on the types of environments studied and their predominant
flora.

In situations where photosynthetic organisms dominate the

nitrogen-fjxing system, higher fixation values are obtained under light
conditions (Jones, 1974; Stewart, 1969; Englund and Meyerson, 1974;
and Gotto and Taylor, 1976).

Blue-green algal mat results showed a
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significant difference between light and dark rates indicating an
important algal and/or purple photosynthetic bacterial. contribution.
When heterotrophic bacteria are predominant, nitrogen fixation usually
occurs at comparable rates in dark and light (Marsha et al., 1975 and
Whitney et al., 1975).

Hence, the lack of significant differences

between light and dark rates for intertidal sediments with and without
filamentous green algae of Mobjack Bay indicate heterotrophic bacteria
were the major source of nitrogen fixation.

Spartina and Juncus roots,

rhizomes, sterns, and associated muds also showed relatively high and
consistent nitrogen-fixation rates due to bacterial activity.

Spartina

and Juncus associated nitrogen fixation activity occurred equally as
well in full, shaded, or no sunlight for both "stern11 and "rhizomes
associated mud" units.

Finally, rates of dark preconditioned blue-

green mat samples, though low, also indicated a fairly significant
bacterial contribution to the blue-green algal mat nitrogen fixation.
Aerobic versus Anaerobic Experiments
It is generally conceded that nitrogen fixation is an anaerobic process (Stewart, 1969 and Dazzo and Hubbell, 1976), although some
organisms i.e. blue-green algae can fix nitrogen under aerobic conditions
due to anatomical features such as heterocysts which restrict oxygen
from the fixation site.

A comparison of nitrogen fixation rates in

oxic and anoxic environrnetns should reveal the type of organisms
responsible for nitrogen fixation, but experimental work to date has
not given clearcut results.

The presented data indicate greatest

fixation rates of cores from predominantly anaerobic zones.

But no

significant rate difference appeared between oxic and anoxic experimental
conditions, an unexp€:cte:d result alsc reported for various wetland

106
environments:

Brooks et al. (1971) for estuarine subtidal sediments;

McRoy et al. (1973) for Zostera roots and rhizomes; Jones (1974) for
salt marsh sedwment samples; and Whitney et al. (1975) for
marsh sediments.

i•

alterniflora

An answer is perhaps available in the suggestions

that oxygen demand of the core may rapidly deplete oxygen of the
incubations resulting in anoxic conditions of Brooks et al. (1971)
and Whitney et al. (1975).

Time course acetylene-reduction experiments,

run by Waughman (1976) at four different oxygen tensions to determine
effect of oxygen, seemed to confirm the oxygen depletion hypothesis.
The initial concentrations ranging from 0-40% were all reduced by
respiratory activities after several hours to the level (~1%) suitable
for nitrogenase activity (Waughman, 1976).

Large oxygen demands of

M.P.C. oil and G.P.C. control marsh samples probably also consumed
most of the oxygen from the incubation atmosphere, thus preserving
anaerobic or microaerophilic N2 fixation sites.
Many sample incubations, both aerobic and anaerobic, lacked
an initial reduction of acetylene for the first several hours ("lag
phenomenon") followed by significant rates.

The lag phenomena has

been previously reported by several researchers (Waughman and Bellamy,
1972a,b; Nelson et al., 1975; Blasco and Jordan, 1976; Gotto and
Taylor, 1976; and Tjepkema and Evans, 1976).

Different explanations

have been proposed, each specific to the system studied, concerning
the mechanistic origin of the lag period.

Slow penetration time of

acetylene to the active site of water-logged samples was suggested by
Rice and Paul (1971) and Blasco and Jordan (1976).

Tjepkema and Evans

(1976) however, found that the lag could not be attributed to the time
required for

c

H diffusion into and
2 2

balticus cores.

c2H4

diffusion out of Juncus

various metabolic processes involving temperature
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dependence or oxygen inhibition of nitrogen fixation activity were also
strongly correlated with the lag.

Significant temperature differences

(7-10°C) between incubation and environment resulted in a lag of
activity until samples equilibrated (Nelson et al., 1975 and Tjepkema
and Evans, 1976).

The most attractive hypothesis put forth relates

the lag to inhibitory levels of oxygen introduced to core sediments at
time of sampling or as water drains from core during incubation (Gotto
and Taylor, 1975; Blasco and Jordan, 1975; and Tjepkema and Evans, 1976).
Oxygen represses the synthesis and inhibits the activity of nitrogenase
(Dazzo and Hubbell, 1975).

Oxygen is thought to inhibit N2 fixation

by competing with N as the terminal H acceptor (Dalton, 1974).
lag

The

represents the time needed to establish the anaerobic micro-

environments (Gotto and Taylor, 1975) and for resynthesis of nitrogenase
or multiplication of bacteria at new microsites of low oxygen tension
(Blasco and Jordan, 1976 and Tjepk8Illa and Evans, 1976).

The Mobjack

Bay data manifested lag periods ranging from 2-20 hours, with an
average range of 5-12 hours.

The anaerobically run samples most often

had shortest lag periods, usually ranging between 2-10 hours.

Dif-

ferences in soil temperature could not account for the lag because
most of the cores were preincubated and run at near ambient temperatures.
However many of the control and oil marsh sediment samples were waterlogged, perhaps increasing

c2H2

penetration time and partially accounting

for the lag in both aerobic and anaerobic · samples.

Inhibition of

nitrogen fixation by oxygen during the time interval for depletion to
conducive levels by oxygen demand of the sediment cores (Waughman, 1976)
could also account for the lag period in aerobic and also anaerobic
samples because of exposure to oxygen during preparations.

This

hypothesis has the advantage of taking into account both the lag period

.LUO

and the lack of difference between oxic and anoxic incubations.

If

vials are not shaken, microaerophilic microzones, optimum for heterotrophic and rhizophere bacterial fixation will be established.
Mixtures of aerobic and anaerobic conditions can stimulate
bacterial nitrogenase activity (Rice et al., 1967; Magdoff and Bouldin,

1970; Blasco and Jordan, 1976; Waughman, 1976).

Becuase Mobjack Bay

anaerobic and aerobic core environments probably contained microaerophilic and anaerobic microsites, several aerobic-anaerobic interfaces existed, which are considered significant for bacterial nitrogen
fixation rates.

Waughman' s tiln0 course aerobic experiments indicated

an initial inhibition of activity followed by stimulation of rates of
ethylene production much higher than anaerobic tests.

Rates of fixation

also appeared related to the various levels of oxygen; higher levels
proportionally slowed the initial acetylene-reduction.

However after

35 hours the correlation became positive, indicating respiratory and
stimulatory activities of nitrogen-fixing bacterial associations.

The

higher the initial levels of oxygen, the greater the stimulation of
nitrogen fixation from the accumulation of aerobic metabolic products
when oxygen levels, reduced by aerobic respiratory activities, are
conducive for nitrogen fixation later in the incubation.

Evidence

of enhancement of nitrogen fixation by the mixture of aerobic and
anaerobic conditions and of the possible nitrogen-fixing oacterial
associations was also provided by Rice et al. (1967) and Magdcff and
Bouldin (1970).

Rice et al. (1967) suggested that products of aerobic

decomposition might become available to nitrogen fixing sites of the
anaerobe, Clostridium butyricum, while Magdoff and Bouldin (1970)
suggested that products of anaerobic fermentation of cellulose might
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serve as an energy source for aerobic nitrogen fixing organisms.
Microbiologists have proposed various combinations of soil aerobes
and anaerobes which may form important nitrogen-fixing associations,
A prominent nitrogen-fixing marsh bacteria, Bacillus polymyxa, forms
significant associations with various microbes and has been shown to
fix nitrogen under both aerobic and anaerobic conditions (Waughman,

1976).

Thus, the nitrogen fixation activity of the cove marsh sediments

under ambient "aerobic" and experimental "anaerobic" conditions may be
an indication of interactions of microor,1anisms in various aerobic
and anaerobic micros ties.

Their combined activities result in pro-

duction of substrates necessary for heterotrophic nitrogen fixation
and oxygen tensions conducive for anaerobic nitrogenase activity.
Results for blue-green algal mat samples run under anaerobic
(or microaerophilic) and ambient oxygen levels were similar.

Therefore

algae of Transect IV responsible for much of the acetylene-reduction,
are, like sediment cores, probably fixing nitrogen at low ambient oxygen
levels.

Atmospheric

levels of oxygen inhibits nitrogen-fixation, even

for aerobic fixers such as algae, particularly non-heterocystous algae
(Stewart, 1969; Drozd and Postgate, 1970),

Reduced rates for the algae

of a split core may be due to the increased aeration and destruction
of the anaerobic-aerobic interfaces especially at the interface of
algae and mud during the removal of the reducing black mud bottom.
"Unit" nitrogen fixation determinations, where low oxygen tensions and
algal-bacterial nitrogen-fixing associations were preserved, were more
consistent and more representative of the natural environment processes.
Bacteria, particularly of the black mud, made a contribution to
nitrogen-fixation similar to that of intertidal sediments, although

/
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relatively small for the mat as a whole.

But the bacteria (especially

Desulfhovibrio) associated with the algae are also very important
because their reducing reactions provide a low oxygen environment conducive for optimum heterocystous and non-heterocystous blue-green algal
fixation (Stewart, 1970).

Interaction of aerobic and anaerobic bacteria

at the interface of algae (aerobic) and sediment (anaerobic) contribute
to higher rates whereas a strictly anaerobic or aerobic environment
would result in low steady rates or no fixation at all (Waughman, 1976).
Marsha et al. (1975), who also found little difference between
anaerobic and aerobic nitrogen-fixation rates, have compared the effects
of organic substrates on the rate of ethylene production.

They found

additional evidence of heterotrophic bacterial nitrogen fixation and
also of substrate limitation in the marsh.

Sucrose addition stimulated

rates significantly, while glucose and acetate were relatively ineffective.
Further evidence of faculative heterotrophic bacterial fixation was
provided by Brooks et al. (1971) who performed similar experiments on
subtidal flora.

Jones (1974) also found that salt marsh muds and

mudflats are substrate limited and fixed

Nz

in relatively large amounts

upon addition of a carbohydrate source.
The work of Brooks et al. (1971); Jones (1974); Marsho et al.
(1975); and Gotto and Taylor (1976) dealing with amended soils in
conjunction with anaerobic versus aerobic studies for marine environments
indicated that the bacteria fixing nitrogen in marshes are predominantly
heterotrophs and substrate-limited.

Various findings (cited in this

section) offering several explanations for the lag phenomenon of the
Mobjack Bay samples concur with the indications of the experimental
results and support the thesis that nitrogen fixation is primarily due
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to the faculatatively and strict anaerobic heterotrophic bacteria
fixing N in microaerophilic to anaerobic microzones in both marshes
2
and experimental vessels.

Although the algae contributed to higher

rates periodically, the bacterial rates are more widespread and
consistent.

Also this indicates that anaerobic-aerobic nitrogen-fixing

bacterial associations may be very important in the marsh environment.
Intertidal Sediments
Mobjack Bay - Zonal Rates
The rates of nitrogen fixation obtained for the control and
oil-polluted marsh intertidal sediment compared well with reported rates
for similar environments.

Rates for Typha augustifolia intertidal marsh

sediments (Marsha et al., 1975) were generally low, but close to the
Mobjack Bay range of values.

Seasonal nitrogen fixation rates determined

at 20°C for maximum nitrogen fixing potential (Marsha et al., 1975)
ranged between 1.9 and 4.7 ngN/g dry sed/h for winter and summer, with
high values of 37.4 and 12.1 ngN/g dry sed/h for late fall months and
an annual average of 8.9 ngN/g dry wt/h.

Rates determined at ambient

temperatures (see Table 26) were lower than those run at 20°C.

The

annual Mobjack Bay intertidal sediment values appear to fall in middle
of Rhodes River ranges (ambient and 20°C) of nitrogen fixation (see
Table 26).

Rates determined by Whitney et al. (1975) for the Long

Island mudflat are comparable to Mobjack Bay G.P.C. control zone A
rates.

The Long Island rates tend to be higher because they represent

a period of high activity (July-August).

Control zone A cores taken

adjacent to Spartina corresponded well with Whitney's et al. (1975)
nitrogen fixation rates for Spartina zones of the Long Island marsh.

Table 26.

Intertidal Sediment Nitrogen Fixation ( Zonal Rates).

Mobjack Bay
Zone
A-total
Range
Average

A- adjacent Spartina
Range
Average

ngN/g dry sed/h
Control
Oil
0-13.97
2.95

0-21.69
0.98

Literature
Location

ngN/g dry sed/h

Rhodes River EstuaryMaryland

(Ambient Temperature)

Typha augustifolia
marsh

Range - 0-12.5
Average - 2.9

0-25.57
3.56

0-5.60
1.31

0-5.35
1.98

0-83.0
8.53

Range
Average

0-14.01
3.17

0-32.45
9.38

2) Spartina anglica
zone 1
(zone A&B comparison)

D
Range
Average

0-49.75
6.81

0-46.83
5.44

3) Puccinellia
zone 3
(zone C&D comparison)

B

Range
Average

C

Reference
Marsha et al. 1965

(Zone A-D comparison)
Banks End; EnglandSpartina salt marsh
1) Bare Mud
(zone 1)
(Zone A comparison)

Jones 1974
Range - 0-62.5
Average - 17. 7

Range - 0-4.281
Average - 900.0

Range - 0-533.3
Average - 50.3

N

Table 27.

Intertidal Sediment Nitrogen Fixation (Zonal Rates}.

Mobjack Bay
Zone

µgN/m 2 /h
Control
Oil

Literature
Location

1!,gN/m 2 /h

A-total
Range
Average

0-722.78
82.49

o.oo
o.oo

A-adjacent ~artina
Range
Average

0-613. 9
85.4

0-21. 69
12.68

1)

Mud flat
(zone A comparison)
2) Tall Spartina
(zone A&D comparison)

Range Average
Range Average

0-200.9
47.50

0-2,349.0
173.98

3) Dwarf Spartina

Range - 31.1-99.0
Average ( 65 .1)

0-151.8
68.89

0-705.14
175.09

0-1, 521. 0
166.59

0-1,325.0
153.83

B

Range
Average
C

Range
Average
D

Range
Average

Long Island
salt marsh
(Spartina
alterniflora)

(zone B,C,D comparison)

Reference

Whitney et al. 1975

41.9-807.0
- 13.60
22.8-282
( 116. O)

I-'
I-'

w
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Rates of zone B, although more consistent than A, but lowest
of control zones, corresponded most closely to Marsha's et al. (1975)
"ambient" averages.

Rates reported by Whitney et al. (1975) and Jones

(1974) for corresponding Spartina zones (see Tables 26 & 26) were all considerably higher than the zone B range.

Nitrogen fixation values for

zones C and D, similar in range and average, do compare well with those
of Whitney et al. (1975) for dwarf Spartina intertidal sediments but are
still much lower than rates for upper marsh zones reported by Jones
(1974).
Samples taken in the oil marsh in zones B-C-D all fall into
the Whitney et al. (1975) overall range for Spartina intertidal sediments
(22.8-282.0 µgN/m 2 /h) and generally higher than Marsha's et al. (1975)
rates although Mobjack Bay and literature ranges overlap.

Nitrogen

fixation rates of samples from zone A taken near live Spartina were very
low, even in comparison with rates reported by Masha et al. (1975) rates
for intertidal sediments and were much lower than those reported by
Whitney et al. (1975) Spartina regions.
Eastern Shore and Yorktown Marshes
In the Wachapreague Gates Bay mudflat, sediments 0.5 cm
below the surface were generally anaerobic.

Nitrogen fixation rates

were relatively low with an average of 1.2 mgN/m 2/day.

The results

fell into the range given by Marsho et al. (1975) for subtidal sediments
(1.0-4.0 ngN/g dry sed/h, 2.4 annual mean) run at ambient temperatures.
Wachapreague average rates for 0-2 cm was 3.1 ngN/g dry sed/h and for
2-4 cm was 2.1 ngN/g dry sed/h and for the 4 cm combined was 49.0
µgN/m2/h which falls into the lower range of values reported by Whitney
et al. (1975).

Rates of fixation decreased with depth from the top 2 cm
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to the 2-4 cm sample, following the predicted activity profile (Marsho
et al., 1975 and Whitney et al., 1975).

Because light samples showed

no difference from dark samples, nitrogen fixation can probably be
attributed to anaerobic heterotrophic bacteria rather than blue-green
algae.
Although sediment nitrogen fixation was not uniform in the
Yorktown marsh, the overall average rates(including some algal covered
sediments) were relatively high and fell into the Whitney et al. (1975)
mid-range for intertidal sediments.
Seasonality
Seasonal patterns of fixation rates for the control and
oil marshes differed.

The highest rates of control G.P.C. zones occurred

in early fall and January, but were isolated peaks, while a steady
gradual increase was characteristic of late spring and early sununer;
whereas, M.P.C. oil zones experienced the highest rates in spring and
mid-summer.

Seasonal variation of nitrogen fixation has been correlated

with temperature fluctuations (Hitch and Stewart, 1973 and Englund and
Meyerson, 1974).

Maximum nitrogen fixation rates of the control marsh

coincided with the sediment temperatures of 20-25°C (optimum for nitrogen
fixation (Marsho et al., 1975 and Jones, 1974) in mid spring and early
fall, but appeared less temperature dependent above 28-30°C.

The high

control January fixation peaks, particularly of zone D, probably
reflected a burst of activity stjmulated by unusually high winter ground
temperature (12°-21°C).

Lower February, March, November, and December

rates probably resulted from a drop in temperature to below 10°C at
sampling sites.

Control zones C and D show similar seasonal spring

peaks which might be a reflection of the longer exposure (less tidal
coverage) to warming effect of direct sunlight and resulting stimulation
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of nitrogen-fixing microflora in surface centimeters.

Though the M.P.C.

seasonal effects may have been modified by oil treatment (particularly
as oil spillage continued through the summer); nitrogen fixation rates
did seem to increase with rising temperatures during the spring.
One of the major limiting factors of bacterial nitrogen fixation
in marsh ecosystems is the availability of utilizable energy-yielding
substrates, as evidenced by the stimulation of nitrogen fixation with
the addition of glucose (Jones, 1974 and Marsho et al., 1975) and
raffinose (Hanson, 1977).

Maximum nitrogen-fixing potential of the salt

marsh is never achieved because there is always a scarcity of oxidizable
substrates (Stewart, 1969 and Jones, 1974), particularly during maximum
growth periods of April, May and June (Marsho et al., 1975).

Accordingly,

it is assumed that maximum fixation did not occur in the four Mobjack Bay
(M.B.) transects during the mid to late spring.

Although October and

late April (M.B.) cove marsh ground temperature ranges were both close
to optimum for bacterial nitrogen fixation, October rates were appreciably
higher.

When seasonal rates were determined by Marsho et al., 1975 at

an optimum temperature, they revealed maximum fixation in the fall due
to an accumulation of decomposition products.

Oxidizable substrates

then, appear to be less limiting in the fall and winter and the high
Mobjack Bay October, January, and February nitrogen fixation peaks
probably reflect combined effects of the stimulatory amounts of energyyielding substrates and non-lDniting temperatures for the sampling dates.
Annual fixation curves of the oil treated and control marsh
were similar to those reported by Marsho et al. (1975) for nitrogen
fixation rates monitored at ambient temperature; i.e. low rates for the
cold months and high summer values.

Rhodes River marsh (Marsho et al.,
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1975) curves for ambient temperatures and 20°C incubations revealed,
within a given month, ranges of negligible to considerable amounts of
nitrogen fixation.

Mobjack Bay nitrogen fixation seasonal curves

also showed tremendous variability annually, monthly, and weekly.

The

seemingly erratic cove marsh annual curves are not uncommon when compared
to the equally erratic seasonal Rhodes River marsh curves and Jones
(1974) salt marsh (1972-1973) data.

Annual curves of nitrogen fixation

rates are not stereotyped as demonstrated by the difference between
Marsha's et al. (1975)

October through December 1972 and 1973 ambient

and "potential" (run at 20°C) values and the differences in the 197 5
and 1976 Mobjack Bay rates.

Therefore, annual nitrogen fixation curves

can not be expected to correspond closely to previously determined
patterns.
Effects of Oil
Interactions of several factors result in different impacts of
oil pollution on marsh ecosystems.

These factors include:

(1) the

type and toxicity of the introduced oil, (2) the time of year that the
spill occurs, (3) the duration of oiling, (4) weather conditions during
the spill, (5) degree of confinement, (6) the energetic and biological
species characteristics of the affected marsh.

Oil pollution literature

revealed varied environmental responses to different types of oil
pollution and indicated that most biological communities can recover
from acute and short-term effects of major oil spills (Baker, 1971 and
Monaghan and Koon, 1975).

The Vaucluse shores tanker oil (No. 6 fuel)

spill (Hershner and Moore, 1977) is an example of a marsh ecosystem in
which the interaction of factors expedited the recovery.

Although

some of the subsequent spring~- alterniflora growth appeared abnormal,
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the marsh made a relatively rapid recovery.

The apparent minor impact

was attributed to low toxicity of No. 6 fuel oil in comparison to crude
or No. 2, the winter time of year when most macrophytes were inactive,
and the high tidal energy environment which reduced the residence time
of the oil.

In contrast, oil spills of refined petroleum in confined

areas during bad weather have usually resulted in massive destruction
and slow recovery of the biological community as evidenced by the
Tampico Maru and Buzzards Bay spills (Petroleum in the Marine Environment:
Blumer et al., 1972).

The findings of the WHOI study concerning the

salt marsh affected by the Buzzards Bay No. 2 fuel oil spill demonstrated
that persistence of oil in the sediments led to long-term deleterious
effects and a chronic oil pollution condition which delayed complete
restoration of a healthy marsh community (Sanders et al., 1972;
Wertenbaker, 1974).
Effects of oil spills on marsh vegetation may vary with the
season (Baker, 1971).

For example, oils may cuase more damage to plants

when weather is hot and sunny.

The extensive Orielton oil spill studies

revealed that perennials such as Spartina and Juncus suffered little
long term damage from a major oil spillage or 2-3 successive oilings.
Some marsh plants even showed enhanced growth after major oil pollution
(Baker, 1971).

VIMS investigators (Hershner and Moore, 1977) reported

similar vegetation effects for Virginia marshes, particularly after
the February Eastern Shore (Vaucluse) tanker spill.

The Vaucluse Spartina

second cohort was reduced as evidenced in April and also the normally
abundant blue-green algae were much sparser, destroyed by overlying
layers of heavy oil.

But by June the spring cohort was thriving and

the blue-green algae had recolonized barren areas and patches of oil

119

among the§_. alterniflora.

Net productivity of the spring cohort

increased, probably because of the stimulatory effects of cutting
vegetation during the winter clean-up operation (Hershner and Moore,
1977) •
Chronic oil pollution, rather than periodic oil spillage, may
cause the greatest destruction to a marsh as was demonstrated at Buzzards
Bay (Wertenbaker, 1974) and by the Whittaker Creek results (Hershner,
1977, personal communication).

Baker's (1971b) chronic pollution

studies of refinery effluents over a period of 21 years showed that a
marsh could be destroyed by a low but constant input of fresh oil; but,
if the effluent was released in more exposed water with rapid dispersion,
no appreciable long-term damage occurred (Baker, 1973).

The long-term

result of chronic pollution was that more susceptible species were
eliminated and replaced by more resistant species such as blue-green
algae, the primary colonizers.

Baker (1973) suggested then, that the

salt marshes with the more varied flora exhibited greater potential
for survival.
The experimentally chronic oil polluted marshes of Whittaker
Creek and Mud Point Creek (both of the Mobjack Bay-Ware River System)
responded differently to a year of No. 2 fuel oil contamination.
Whittaker Creek marsh, the site of the first VIMS chronic oil pollution
study, suffered extensive physical and biological damage (Hershner and
Lake, 1976), perhaps even more severe than would be predicted by Baker
(1971).

Marsh vegetation began to show adverse affects with the

yellowing of the~- alterniflora in April 1974 after six months of
oiling.

By mid-summer the Spartina was destroyed along the edges of

the tidal pool and on the strip of land that separated the pool from
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the river.

Blue-green algae began spreading in the defoliated areas

during the summer and fall; during the winter large areas of the marsh,
bare of vegetation, eroded.

The morphometry of the marsh and tidal

basin changed markedly by spring and the Spartina showed little signs
of recovery (Figure 15).

Oil accumulated in the sediments and one and

half years after oiling began, oil still oozed from the muds.

Finally,

two and a half years later the marsh vegetation manifested some signs
of recovery.
The oil treated M.P.C. marsh did not evidence as extensive
damage from chronic oiling as the Whittaker Creek Marsh.

The first

visible effects of the oil contamination appeared in the three tidal
creek corners with accumulation of oil slicks in late March and throughout the whole marsh in early April.

A yellow band corresponding to

the mid-high tide line appeared in June on the

i·

alterniflora around

the circumference of the pond; pockets of heavier oil accumulation in
the back marsh caused rapid mortality of the border~- alterniflora.
Vegetation of Zone A and B was the most visibly affected by oil pollution
during the year leaving bare areas and Spartina stumps in A and thinning
vegetation in Zone B.

Dead vegetation tended to be washed out with the

tide from Zone A or accumulated in Zones Band C.
In particular, tidal creek areas showed evidence of long-term
damage.

Some of the defoliated areas (1 m strip of Spartina) did not

grow back; the corners were inundated with oil after each spill leaving
a thin oil film trapped on vegetation during high tide, thus preventing
recolonization.

In contrast to the Whittaker Creek results, no blue-

green algal mats developed on the barren and defoliated areas during
the year and a half of observations.

Although defoliated areas in the
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Figure 15.

Mobjack Bay Whittaker Creek oil marsh variation
in vegetation and morphometry before and after
experimental chronic oil pollution.
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M.P.C. marsh provided additional sites the distribution of filamentous
green algae did not correspond to the availability of barren substrate
for algal growth.

The type of substrates and elevation seemed to have

an overriding influence on colonization and subsequent algal growth.
For example, zone C and some of zone D contained patches of green
filamentous algae as frequently as did the more barren zones A and B.
The green film was composed mostly of green filamentous Vaucheria and
Ulothrix and bore no resemblance to the blue-green mat of the transect
IV or of Whittaker Creek mat development.
Although the yellow-banded Spartina of April indicated that
vegetation of the entire perimeter of the marsh had been affected,
most of the marsh showed little long-term effects of oil pollution.
One of the factors that may have caused the difference in impacts on
the two marshes was a variation in the oiling regime.

Oil spillage

for M.P.C. was begun in late-winter rather than mid-fall.

Although

nearly the same concentration (.031 l/m 2 ) of oil reached the Spartina
fringe, half as much oil per tidal basin volume was dumped at M.P.C.
per oiling, but twice as frequently.

Reduction in the amount of oil

per oiling may have reduced the toxic effect.

The M.P.C. tidal pond

was larger and of a different morphometry than the Whittaker Creek pond
and these differences may have contributed to a greater dispersion of
the oil.

The currents, the drainage, the prevalent wind direction,

and the composition of substrate and species also may have 6een different
enough to cause a reduced residence time and lessening of deleterious
oil effects on the M.P.C. marsh ecology .
Oil pollution in the M.P.C. marsh did not result in increased
blue-green algal colonization and concomitant increased nitrogen fixation
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as might have been predicted from the Whittaker Creek phenomenon and
presence of M.B. transect IV algal mat.

Nitrogen-fixation rates of

cores with filamentous-green algal-covered surfaces were somewhat higher
than those without, but were considerably less than those of blue-green
algal mat.

Green algal-covered cores fixed nitrogen at nearly the same

overall rate in both oil and control marshes.

Combination sediment

(iucluding algal-covered cores) averages displayed the same seasonal
and zonal trends as the averages without algal-covered core values
included.

Thus, it appeared that the oil pollution had no

stimulatory

effect on rates of fixation associated with green algae.
An oil film was apparent periodically on the mudflats in
Zone A and B from April through July.

The low N2 fixation values of

Zone A of the oil marsh were different from zones B, C, and D (see
Table 28).

The low to non-existent nitrogen fixation rates for zone A

might be attributed to the removal of~- alterniflora, although roots
and rhizomes remained, or the accumulation and persistence of oil deep
in the sediments.

It is more likely that the low rates are not caused

directly by oil contamination, but rather by unfavorable conditions to
nitrogen fixation in the upper centimeters of unconsolidated sediments
(Brooks et al., 1971).

Accumulation of the unconsolidated material

may have been enhanced by the removal of vegetation.

Decomposition

products from zone A probably accumulated in Band C during spring and
summer, providing heterotrophic uitrogen-fixing bacteria with a new
source of oxidizable substrates.

This may have stimulated nitrogen-

fixation and account in part for higher summer oil marsh zone Band C
nitrogen-fixation rates.

Zone D was least affected by the oilings

and, as might be expected, the rates for both Control and Oil marshes
were not significantly different (see Figure 19).

Table 28.

Seasonal and annual overall average nitrogen fixation rates of 1975 for intertidal
sediments of Mobj ack Bay marshes (G.P. C. and M.'P. C.) inclusive(*) and exclusive
of filamentous green algal covered sediment.
Seasonal Averages (mgN/m 2 /day)

Seasons

G.P.C. - Control

versus

*

M.P.C. - Oil

*

Winter

2.54

3.64

0.77

0.86

Spring

1.19

1.49

2.28

2.8 3

Summer

1.25

1. 75

5.08

8.06

Fall

1.96

0.65

*2.23

*3.17

Average:

Annual Averages Zones A-D (mgN/m2/day)
Zones
G.P.C.

Control

M.P.C.

Oil

A

1. 71
.28

*
(1. 98)

*

C

1.09

(1.14)

1. 50

2.70

( 4 .18)

3.18

B

*
(4.20)

D

*

2.90

( 4. 00)

2.62

(3.74)

,_.

N
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Nitrogen fixation rates of oil zones Band C exhibited a
trend of higher peaks during the late spring and summer than found
in the corresponding control zones Band C (see Figures 17-18).

Although

there was a slightly greater abundance of films of green algae in the
oil zones, it probably did not account for the difference in fixation
rates since the origin of nitrogen fixation was predominantly bacterial.
Increased oil concentrations may have directly stimulated bacterial
nitrogen fixation activity by increasing bacterial populations of
petroleum-degraders that fix nitrogen (Kator and Herwig, 1976; Walker
et al., 1976b).

Additions of oil do provide more oxidizable substrates

such as saturated paraffins for the existing population of heterotrophic
nitrogen-fixing bacteria through the increased mortality of vegetation
and animals in interstices or by increasing the population of hydrocarbon
utilizers which in turn provide oxidizable substrates directly as
metabolic products or provide them indirectly upon their death (Davis et
al., 1967).
Pollution studies for the Chesapeake Bay area indicated that
alteration in bacterial populations of chronically oil polluted areas,
result in a more specialized group of petroleum degraders (Walker
et al., 1976a).

A VIMS study of microbial degradation of Southern

Louisiana crude oil in Cub Creek~- alterniflora salt marsh, revealed
that within several days after the experimental oil spill, levels of
autochthonous heterotrophic bacteria capable of degrading petroleum,
increased, including the dominant Pseudomonas ~ ·

Increased biomass

of the petroleum degrading component of the heterotrophic population
was maintained for a year and may have been directly related to the
volume of oil added to the marsh (Kator and Herwig, 1976).

Walker
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Figure 16.

Comparison of zone A control (G.P.C.} and oil
(M.P.C.) M.B. marsh monthly variation in nitrogen
fixation activity for 1975.
1 SE.
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Figure 17.

Comparison of zone B control (G,P.C.) and oil
(M.P .C.) M.B. marsh monthly variation in nitrogen
fixation activity for 1975.
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Figure 18.

Comparison of zone C control (G.P.C.) and oil
(M.P.C.) M.B . marsh monthly variation in nitrogen
fixation activity for 1975.
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Figure 19.

Comparison of zone D control (G.P.C.) and oil
(M.P.C.) M.B . marsh monthly variation in nitrogen
fixation activity in 1975.
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et al,(1976b) found that No. 2 fuel oil was less biodegradable than
Louisiana crude oil although many components were eventually degraded.
The No. 2 fuel oil also supported a population of bacteria, particularly
Bacillus and Pseudomonas, both nitrogen fixers.

These recent studies

support the specific hypothesis that elevated numbers and activity of
petroleum-degrading bacteria, Bacillus and Pseudomonas, would be
expected to develop in the Mud Point Creek No. 2 fuel oil treated marsh
and remain for at least a year.

Expected biodegradation of hydrocarbons

did occur (Lake, 1977, per sonal communi"".tion); all oil in the sediments
was degraded, except for that trapped in the interstitial spaces of
the rhizomes (Lake, personal communication).

Since petroleum degradation

is temperature dependent (Kator and Herwig, 1976), a pulse of activity
would not be expected to appear until April, when a peak in N2 fixation
rates actually occurred.
Hydrocarbon oxidizers, sustained by oil accumulation in the
sediments of transect II and III in the spring and through the summer,
were probably producing a greater amount of suitable carbon substrates
for nitrogen fixers than would normally be found in the marsh. These
added substrates would support the greater nitrogen fixation rates
found in oil zones B and C during May, July, August, and September.
Average rates of both marshes for comparison were:

zone Boil -

500.91 versus control-41.86 µgN/m 2 /h; and zone C control-477.87 versus
contro l-83.68 µgN/m2/h.

These differences in aver age rates indicate an

enhancement of nitrogen fixing potential of oil zones B and C as a
result of chronic pollution or may simply be attributed to corresponding
differences in the micro environment or composition of individual zones.
The great variability in activit y of replicates through the months
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and apparent response of nitrogen fixation to seasonal temperature
fluctuations are important factors that may also account for inequalities
between oil and control rates.
Chronic oil spillage did not seem to have a major overall
effect on the ecology of M.P.C. oil marsh whereas the ecology of the
Whittaker Creek oil marsh changed dramatically.

Chronic pollution may

lead to proliferation of blue-green mats, as in the Whittaker Creek
marsh, where preliminary studies suggested a resulting increase in
nitrogen fixation.

Blue-green algal mats did not develop in M.P.C, oil

marsh, nor was there a major l ong term oil effect on the nitrogen-fixing
potential.

However, the high summer oil treated marsh rates may

r eflect chronic pollution effects:

the increase of nitrogen-fixing

ba cteria concurrent with an increase in petroleum-degrading bacteria
~nd a greater availability of oxidizable substrates through bacterial
breakdown of hydrocarbons confirmed for M.P.C. marsh (Lake, 1976 personal communication).
Blue-green Algal-associated nitrogen fixation
Mobjack Bay transect IV blue-green algal mat nitrogenfixation activity was affected by seasonal variation in temperature,
mo isture, l i ght exposure, nutri ent supply and algae species composition.
Al gal mats fix nitrogen whether s ubmerged or fairly moist, but not if
completely de ssicated (Jo nes, 19 74).

However, the transect IV mat

mat erial never exhibited c ompl et e dessication on any sampling occasion
due to fr equent tidal inunda tion and rainy summer of 1975.

Fay (1976)

studied the e ff ect of light pr etrea tm ent at diff erent intensities and
exposur e

0 11

blue-green a l gal ni t rogen fixation activity in the dark
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and found the intensity and exposure inversely related to the decline
in activity.

Accordingly, low rates for cloudy sample dates of March

and July for transect IV might be explained in part by the previous
natural low light conditions.

But the influence of light (intensity

or exposure) on blue-green algal nitrogen fixation in temperate regions
is considered minor to dessication and temperature effects (Hitch and
Stewart, 1973), particularly for an algal mat system where algae and
bacteria both contribute to nitrogen fixation activity.

Temperature

probably exerted the major influence on growth and nitrogen-fixing
rates of Transect IV blue-green algal mat; the nitrogen-fixing mechanism
of the system being more sensitive to low temperatures than other
environmental parameters (Stewart, 1967).
The transect IV nitrogen-fixation activity demonstrated a
seasonal variation which corresponded to temperature and moisture
conditions described by Jones (197) (see Figure 14).

During winter

and dry months, the mat lost its blue-green color and appear reddened.
Low to negligible rates in March correlate with low temperature (0-8,0°C}.
Undetectable rates on July 22nd might be the result of the combined
effect of previous high limiting temperatures (>40°C); and previous
heavy rainfall, resulting in depression of salinity and change in
microalgae productivity (Rizzo, 1976, personal communication).
The mat retained its integrity throughout the year and was
not shaded by invading

i·

alterniflora.

It was s:iri1ilar in species

composition to the one which developed in the summer and fall of 1974
in the experimentally oil treat ed marsh of Whittaker Creek in Mobjack
Bay, but other similar mats were not found on the perimeter of Mobjack
Bay marshes.

2
The range of rates was 0-11,075 µgN/m /h with a mean of
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0.85 mgN/m 2 /h, and the range of N2 fixation rates, although wider,
compared well with the Whitney et al. (1975) range of values 260-8,910
µgN/m 2 /h.

But, the mean was considerably less than those reported by

Whitney et al. (1975) - 2,870.0 µgN/m2/h and by C. Van Raalte et al.
(1974) - 100 ngN/cm 2 /h.

These published values may be higher because

they represent rates of July and August, months of greater activity for
the northern Atlantic climate.

Jones (1974) obtained a range of rates

for nitrogen fixed by the blue-green algae felts of 0-293.0 mgN/m2/day.
The average rate of 54.89 mgN/m 2 /day is close to the Mobjack Bay average
of 20.1 mgN/m 2 /day.

The calculated transect IV average is probably

an underestimate of annual fixation, for it does not include data
for June, September and January of which two months most likely would
have fairly high rates of activity.
Because the blue-green algae remained sparse in both M.P.C.
oil and G.P.C. control marshes, blue-green algal contribution to these
ecosystems was minor.

However, the blue-green algae were probably

important nitrogen fixers in other marshes of the Chesapeake Bay area.
Eastern Shore marshes, both bay and ocean-side (Wachapreague) contained
large quantities of blue-green algae occurring in the S. alterniflora
zones and pannes.

Similarly Yorktown and Vaucluse marshes revealed an

abundance of blue-green algae and significantly high rates even in
locations where respectively, combined nitrogen was available from
sewage, and oil pollution occ11rred .

Although Wachapreague Gates Bay

plant zonation differed from ~•.o bjack Bay marshes, species of graminoid
vegetation and blue-green algae were similar.

Gates Bay intertidal

samples covered by a thin film of blue-green algae averaged 471.39
µgN/m2/h for April yielding th e highest rat e for fixation for mud
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surface samples, and falling in the lower range of Whitney et al.
(1975) July-August ranges.

During the summer Wachapreague rates would

probably increase to comparable Whitney et al. levels.

The average

Wachapreague nitrogen fixation value corresponded to British salt marsh
Spartina zones April rate (18.6 mgN/m 2 /day-Jones, 1974).

The blue-green

algal covered sediment April rates (505.96 µgN/m 2 /h) were low in comparison to April 1975 transect IV rates (0-11,075 µgN/m2/h).

This may

be accounted for by differences in year, in previous climatic conditions,
location, and perhaps salinity.

The highe r salinity of Wachapreague

may limit nitrogen fixation (Jon es, 1974).
The bay-side Eastern Shore fringing marsh located at Vaucluse
shores beach was dominated by
green algal mats.

1·

alterniflora and large areas of blue-

Blue-green algae were destroyed by thick layers

of heavy oil but quickly recolonized.

Amounts of nitrogen fixation may

have been decreased temporarily by oil pollution until the blue-green
algae reestablished in the contaminated areas.

The nitrogen fixation

rates in June, five months after the spill, were fairly high and comparable to rates found in other Chesapeake Bay regions and those in
literature.
Nitrogen fixation rates found in the Yorktown area are
generally close to or higher than the mean rates established for other
east coast marshes.

Nutrient enrichment from the sewage outfall did

not appear to have inhibited nitrogen fixation rates.

High levels

of combined nitrogen have been shown to inhibit nitrogen fixation in
laboratory cultures but conflicting reports exist for field experiments
(Fogg, 1959; Dugdale and Dugdale, 1965; Stewart, 1969; Horne and Fogg,
1969).

Intense sewage sludge and urea enrichment of intertidal mud
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and sand inhibited nitrogen fixation to some extent (Van Raalte et al.,
1974).

Also Stewart (1969) found inhibition at 25-50 mg-N/1 and Van

Raalte et al. reported inhibition from NH!-N at levels above 50 µg at
N/1 in pore water.

These data indicated that levels of NH!-N must be very

high before inhibition of nitrogen fixation occurs.

Interstitial

NH!-N

values of Yorktown, ranging from 1.50 to 65.00 µg at N/1 (although
usually ranging between 10-40 µg at N/1 levels), are apparently not high
enough to adversely affect nitrogen fixation.
values ranged from 2.5 to

1

Surface tidal pool NH4-N

3.4 pg at N/1 for control ponds and from

63.0 to 85.9 µg at N/1 for impacted ponds, levels significant enough
to cause inhibition but apparently of little effect on floating algae
nitrogen fixing activity.
Blue-green algae covering the ponds and forming algal mats
had high nitrogen fixation values whereas intertidal sediment cores from
the S. alterniflora, ~- pat ens, and Typha augustifolia zones showed
little activity unless algae were present.

Appreciable changes in the

marsh, i.e., drying of the ponds, quantity of blue-green algae, the
ground temperature, and rates of fixation between June to July provided
evidence of possible monthly and seasonal fluctuations in nitrogen
fixation.

Mat abundance, composition, and nitrogen-fixing activity

throughout the year probably vary greatly with temperature and changes
in moisture similar to transect IV of Mobjack Bay.
The high blue-green algal mat (floating algae) fixation rates
of Yorktown and Chesapeake Bay marshes seemed to indicate that nitrogen
fixation may play a larger role in the nutrient budget of these marshes.
Marshes with larger amounts of blue-green algae might produce combined
nitrogen that could be exported into creeks, rivers, and bays.

Yorktown
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manifested the greatest abundance of blue-green algae and highest rates
of nitrogen fixation perhaps supplying large local contributions of
combined nitrogen.

However, seasonal fluctuation and patchy distribution,

particularly during cold and dry months, may restrict the importance
of algal nitrogen fixation to productivity of the marsh system.
Extracellular combined nitrogen produced by nitrogen fixation activity
during peak months of algal colonization may account for a portion
of the reported NH+
4-N export to the York River (Wetzel et al., 1977;
Hastings, 1977, personal cnr.ununication).

Although large amounts of

fixed nitrogen might be available, export is limited by the annual
small tidal exchange and decreased diffusion processes of combined
nitrogen laden interstitial waters to creek waters, particularly during
dry months.

Extracellular nitrogen produced from high fixation rates

of extensive fringing marsh blue-green algal mats similar to Vaucluse
shores was directly accessible to tidal exchange, yet probably represents
a minor contribution to the Chesapeake Bay system.

However, the blue-

green algae probably had a fairly significant role in maintaining
productivity of the Spartina zone .

Blue-green films of Gates Bay

algal-covered intertidal sediments of the short-form Spartina zones
gave highest rates of nitrogen for the area sampled, but again seasonal
variation and patchy distribution may limit their importance to
nutrient budget.

Nitrogen-fixing algae growing on~- alterniflora in

the Wachapreague tidal creek marsh system may contribute combined
nitrogen to ocean water by export during tidal exchange to major channels
opening to the ocean , a small but perhaps a significant contribution
to coastal waters.

l]/

Vegetation-associated Nitrogen Fixation
Samples of bank S. alterniflora stems with and without
epiphytic blue-green and green filamentous algae gave a fairly high
average nitrogen fixation rate of 99.5 µgN/m 2 /h.

The total rate for

stem and algae (accounting for total stem) of 7.16 mgN/m2/day was
lower than the blue-green algae films but higher than any of the other
sediment samples.

Algal-covered Spartina at the creek bank, a con-

tinuous year-round phenomenon, seemed to provide the most consistent
and greatest potential source of combined nitrogen to the Wachapreague
creek system.
Mobjack Bay rates for all of the vegetation units (ranging
from 0-16.23 µgN/g dry wt/day with an average of 3.05 µgN/g dry wt/day),
are realtively high and approach those of the blue-green algal mat.
Although relatively few scientists have monitored fixation for salt
marsh perennial grass vegetation stem, rhizomes, roots and associated
muds (or organic matter), there is evidence that
"nitrogen fixation in the rhizosphere of plants is extremely
important and some workers have found nitrogen-fixing activity
to be much higher than in the surrounding soil (Dobereiner, Day,
and Dart, 1972; Rinaudo, Balandreau, and Dommergues, 1971)"
(Jones, 1974).
Mobjack Bay vegetation rates were larger and more consistent than
those of the intertidal sediment.

The most recent research indicated

that vegetation-associated nitrogen fixation rates were high and may
be widespread throughout wetland areas (Jones, 1974; Nelson et al.,
1915; and Tjepkema and Evans, 1976).

Mobjack Bay rhizosphere rates

were comparable although generally higher than those reported for other
estuarine and wetlands environments (McRoy et al., 1973; Jones, 1974;
and Tjepkema and Evans, 1976).

An exception was the extremely high
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range of rates determined by Patriquin and Knowles (1972) for marine
angiosperms Thalassia testudinum ranging from 36-251 mgN(m2-day)-1.
However, these high rates have been discounted by several researchers
due to differences in techniques (McRoy et al., 1973).
The origin of nitrogen fixation in the roots and rhizomes
is considered to be bacterial, although the nature of the diazotrophic
microorganisms is unknown.

The light-dark experiments of Tjepkema and

Evans (1976) suggested that perhaps up to 30% of the nitrogen fixation
of the upper 2 cm of the rhizome unit is due to photosynthetic
organisms.

The M.B. cove marsh results for light versus dark and

anaerobic versus aerobic experiments indicated the predominance of
bacterial activity in both stems and rhizomes rather than epiphytic
algae.

Exact location of the nitrogen-fixing organism is also unknown

(Tjepkema and Evans, 1976).

The "washed" and "unwashed" rhizome unit

experiment showed that considerable nitrogen fixation activity is
closely associated with intertwined rhizomes and large roots.

Values

for rhizome-associated mud may be high enough to indicate rhizosphere
stimulation of associated mud bacterial activity reported by Jones
(1974).

The rates for the Spartina bottom (1 cm) "stem" fixation

alone were occasionally as great or greater than combined units.
Tjepkema and Evans (197 0) found greatest nitrogen fixation rates in
1.5 to 11.0 cm rhizosph ere section.

The Mobjack Bay combined "rhizome,

stem, and mud" units gave the highest and most consistent rates of
nitrogen fixation indicating that the vegetation unit (bottom stem
and 7 on rhizosphere) as a whole is probably the most efficient
nitrogen-f ixing system.
There were no apparent differences between the M.P.C. and
G.P.C. marsh vegetation-associated nitrogen fixation rates (Table 29).

Table 29.

Comparison of control (G.P.C.) and oil (M.P.C.) vegetationassociated nitrogen fixation rates over a two month period.
Control Vs Oil (µgN/g dry wt/day)

Sample Date

Total Rhizomes

Rhizomes

&

Stem

Stem

Control
Oct

12

.736

5.633

6.643

Oct

28

3.075

3,906

1. 735

Sept

4

3.732

Oct

4

2.597

Oct

28

1.837

Oil
4.612
4.337

9.952
2. 717
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Fixed nitrogen from all various vegetation units was probably readily
available for higher plants due to its proximity to absorbtion or
uptake structures.

For example, roots of Puccinellia and Spartina

grown in an atmosphere containing 15N-labelled nitrogen were more highly
labelled than the surrounding soil (Jones, 1974).

The abundance of

rhizome-roots, stem, and mud units in zone A-D and the depth to which
the live structures extend (10-15 cm - Valiela and Teal, 1974; Wiebe,
1977, personal communication) and N2 fixation occurs (0-20 cm Tjepkema and Evans, 1976) probably jncreases the significance of their
combined nitrogen contribution.
Nutrient Analysis
Ammonia is preferentially assimilated by bacteria and photoautotrophs over other nitrogen compounds and occurs in higher concentrations in salt marsh than estuarine waters.

It is suggested that

both tidal waters and nitrogen fixation are major sources of nitrogen
to the marsh (Valiela and Teal, 1974) and that marsh nitrogen fixation
contributes to significant export of nitrogen species such as ammonia
(Axelrad, 1974; Whitney et al., 1975).

Ammonia flux in the marsh and

nitrogen fixation might be therefore correlated.
Ammonia levels in the G.P.C. and M.P.C. marsh water represented
high concentrations compared to York River and Chesapeake Bay water
(Webb and Haas, 1976), but were generally lower than those reported
for other salt marshes though following similar annual patterns.
Piggot (1969) and Valiela et al. (1974) reported seasonal ammonia
fluctuations in both waters and sediments, whereas Axelrad (1974) found
no seasonal water concentration trends.

Lowered water concentrations

in Mobjack Bay marshes appeared to ~orrespond with the growing seasons;
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increased radiation in spring and summer stimulate plant uptake and
soil adsorbtion of ammonia (Valiela et al,, 1973a).

NH4-N

Peaks

of water

levels for the fall might be correlated with detrital decom-

position and diffusion of interstitial ammonia into overlying tidal
waters (Maye, 1972).
Values at the extremes of the

NH4-N

value range occurring

in April and July did not correspond to an expected seasonal pattern.
The apparently anomalously high April 8th, 1975 oil treated marsh
peak might be the result of sample contamination or initial oilings
causing disruption of microbial nitrification processes, nutrient uptake,
and assimilation by~- alterniflora detritivores which would normally
account for the usual winter

NH +4-N

loss (Daiber and Gooch, 1969).

Addition of oil may have also resulted in the release of
sediments into pond water.

NH+4-N

from

The unusually high July 22nd ammonia con-

centration might be correlated with the concurrent heavy rainfall.
Rainfall is an important source of inorganic nitrogen input (Hutchinson,
1944) and may have increased ammonia levels in bay and cove waters.
For example, Axelrad (1974) noted an anomalous net transport of

NH4

to

the marshes relative to other nutrient species after a storm tidal cycle
in July of 1972 (Hurricane Agnes).

A heavy rainfall and resulting

environmental disturbances may cause the release of ammonia from
sediments.

Generally, annnonia concentrations did not seem correlated

to rates of nitrogen fixation; if any correlation existed, it would
probably be negative.
Ammonia and organic-N ebbtide concentrations increased with
decreasing tide height and peaked a t low slack (Axelrad,

1974), therefore

samples taken in the G.P.C. and M.P.C, channels should give an indication
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of amounts exported out of the marsh.

Axelrad reported spring-summer

ammonia export, year-round organic nitrogen export and a fall to fallwinter import of annnonia to the marsh from the estuary.

NH4-N

levels of

Low slack

for the two Mobjack Bay marshes in comparison with

Axelrad's (1974) results do not seem indicative of a significant net
export into Mobjack Bay.
Urea values were low and the annual pattern did not demonstrate
any peaks correlating with unusual seasonal events, but rather reflected
the seasonal heterotrophic activity and correlated positively with the
rates of bacterial nitrogen fixation.

The graph indicated an expected

increase with the advent of higher temperatures in mid spring and
summer and in mid fall when temperatures were not limiting and substrates were not limiting.
Contribution of Mobjack Bay Marsh Nitrogen Fixation to Marsh Ecosystem
The importance of nitrogen fixation found in the control marsh
to the estuarine nitrogen budget of Mobjack Bay and Ware River is
probably very limited.

Many of the researchers who asserted that

nitrogen fixation produced considerable nitrogen for export to tidal
waters and for vegetation productivity studied environments where large
nitrogen-fixation rates occurred, particularly blue-green algal rates
(Stewart, 1969; Jones, 1974; Van Raalte et al., 1974; and Whitney et
al., 1975).

Others, who found low but consistent rates, suggested that

nitrogen fixation might constitute significant local contributions to
the intertidal community, but not to the estuarine nitrogen budget or
productivity (Brooks et al., 1971; Bunt et al., 1971; McRoy et al., 1973;
and Marsha et al., 1975).

Seasonal rates of Mobjack Bay nitrogen

Table 30.

Comparison of nitrogen fixation rates and nitrogen production of some salt marshes.

Location

Time Period

Massachusetts
Intertidal sediment
and blue-green algae

May-July
1973

24.0

Long Island
Intertidal sediment

July-Aug
1973

4.6

Maryland
Subtidal and
intertidal sediment

Annual
1972-1973

England
Spartina sediments
Bare mud
Bare mud and algae
_§_. anglica

Annual
1972-1973

Bank algae

mgN fixed/m2/day)

0. 6-0. 7

Nitrogen Production

References

1.2 gN/m 2

VanRaalte et al., 1974

2.3 kgN/day
for 56 ha
1.2 metric tons/y
for 144 acre"·

2.67
54.89
46.89

(gN/m 2 )
0.43
20.06
17 .11

91.42

31.57

Whitney et al., 1975
Marsho et al., 1975

Jones, 1974

....

w
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fixation did not appear correlated to generally low

NH4-N

concentrations

of the (G.P.C. and M.P.C.) cove marsh ponds, indicating little contribution to the estuary.

However, relatively consistent bacterial

nitrogen fixation throughout the year in the intertidal sediment
zones represent significant amounts of fixed nitrogen available to
intertidal vegetation.
The overall daily average for intertidal sediments in the
G.P.C. control marsh was 3.64 ngN/g dry sed/h and in the M.P.C. oil
marsh 6.08 ngN/g dry sed/h (see Table 3).

These values are higher

but of the same order of magnitude as those obtained in the most
recent (and also geographically closest) studies of intertidal
sediment nitrogen fixation (2.9 ngN/g dry sed/h - Marsha et al., 1975).
Although the Mobjack Bay rates in terms of ngN/g dry sed/h are not
appreciably higher than those reported, the estimated annual rates in
terms of µgN/m 2 /h (G.P.C. - 93.09 and M.P.C. - 132.11) or mgN/m 2 /day
(G.P.C. - 2.23 and M.P.C. - 3.17, see Table 31) are much higher and
correspond well with the Whitney et al. (1975) averages of 96.3
µgN/m2/h and 4.6 mgN/m2/day.

Discrepancies in the yearly overall

estimates of observed rates in terms of µgN/m2/h and values in
literature can be related to the factors used in converting grams
dry sediment to square meters.

3
Marsha et al. (1975) used 0.455 g/cm ,

a figure determined by Brooks et al. (1971) for the Florida estuary,
whereas the g/cm3 conversion factors used for these experimental
results were higher, ranging from 0.425 to 1.31 g/cm

3

and were cal-

culated from the densities for the different types of samples.
The use of various g/cm 3 factors computed for the different
types of samples taken in the Virginia marshes may give a closer
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estimate of nitrogen fixed per m2 per hour.

Based on determination of

+ efflux of tidal water samples for the York River marshes, Axelrad
NH4-N
(1974) computed njtrogen-fixation rates of 340 and 209 µgN/m 2 /h.

To

further verify these rates, he calculated comparable values using
Brooks et al. (1971) mean nitrogen fixation rate (3.07 ngN/g sed-hour)
for Florida estuarine sediment as an estimate of marsh fixation and
the conversion factor 2.6 for York River estuarine sediment (Axelrad,
1974).

Although the Mobjack Bay marsh rates determined were approx-

imately half of what had been predicted for York River marshes by
Axelrad, the rates still rerresent a significant contribution to the
individual marsh ecosystems.
Vegetation-associated bacterial nitrogen fixation might
be the most important source of combined nitrogen to marsh vegetation
not only because the rates were very large and consistent, but because
the roots, rhizomes and stem units encompass a large area of the intertidal marsh.

The overall average for combined rhizome, stem, and mud

units was 3.05 ngN/g dry wt/day.

This figure which when multiplied

by an approximate factor of 3.33 to account for the extent of the
actively fixing units and converted to aereal units gave extremely high
rates of 156.24 mgN/m2/day for July-Dec and 154.48 mgN/m2/day for
summer months.

These rates were equivalent to some of the highest

rates reported in the literature and could alone account for much,
if not all, of the nitrogen in the living standing crop of
and J. romerianus.

i·

alterniflora

The phenomenon of consistently high rates from

vegetation-associated nitrogen fixation found in both oil and control
marshes was not confirmed by results from Gates Bay and Yorktown.
The estimated total daily nitrogen fixation of intertidal
sediments for the entire Spartina and Juncus area of the G.P.C. marsh
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(15,603m 2) where nitrogen fixation was measured was considerably lower
than the Whitney et al. (1975) figure of 2.3 kgN/day for the Long
Island 54 hectare (~50,000m2) marsh.

However, the total daily nitrogen

fixation combined average for intertidal sediment and vegetation
(2.47 kgN/day) was of comparable magnitude to the total N2 fixation
calculated for the Long Island marsh (Whitney et al., 1975).

The

estimated yearly average nitrogen production by intertidal sediment
nitrogen fixation for G.P.C. control marsh was 0.815 gN/m 2 and for the
M.P.C, oil marsh 1.16 gN/m 2 .

Rhodes River marsh annual rates were

considerably lower (~0.2-0.3 gN/m 2) and Marsho et al. (1975) suggested
that intertidal sediment nitrogen fixation would have little effect
on productivity of marine angiosperms.

However, the Mobjack Bay rates

are closer to, though usually somewhat less, than those reported for
intertidal sediment (see Table 30) including areas covered by blue-green
algae.

According to these researchers, annual rates of intertidal

sediment nitrogen fixation may constitute a major supply of nitrogen
for marsh vegetation productivity.

Van Raalte et al. (1974) estimated

that the May-July sediment nitrogen fixation (1.2 gN/m2), a value
comparable to Mobjack Bay estimates, may have supplied a large portion
of the 1,5 gN/m2 calculated for the Massachusetts marsh maximum
standing crop of

I·

nitrogen fixation,

alterniflora, thus indicating significant M.B.
Combined yearly rates of intertidal sediment

and vegetation-associated nitrogen fixation represent a much larger
2

nitrogen production (57,84-58.18 gN/m ), comparable to some of the
highest nitrogen-fixation rates published (Jones, 1974 - see Table 30),
Three estimates of gN/m 2 in the G.P.C, maximum standing crop
of

s.

alterniflora were determined using:

(1) an approximate annual
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average of the Total Kjeldahl Nitrogen percentage (l.29%N) of dry
weight of York River plant tissue (Mendelssohn, 1973); (2) the total
percentage of nitrogen in above-ground

E..·

alterniflora (l.29%N); and

(3) in S. alterniflora including roots and rhizomes (l.99%N) (Valiela
and Teal, 1974), multiplied times control G.P.C. vegetation net annual
production (676.1 g dry wt/m 2).

The values were:

(2) 8.72 gN/m 2 ; and (3) 13.45 gN/m 2 respectively.

(1) 8.58 gN/m2;
Intertidal sediment

n itrogen fixation for Spartina zones A and B (0.569 gN/m 2 - see Table
31) may account for up to approximately 7% of above-ground Spartina
and up

to 4.5% of total Spartina required nitrogen.

Net annual

production average for all four G.P.C. zones (801.0 g dry wt/m2)
res ulted in values of (1) 10.13 gN/m 2 , (2) 10.33 gN/m 2 and (3) 16.01
gN/m 2 and the combined nitrogen production estimated from intertidal
sediment average Zone A-D nitrogen fixation (0.82 gN/m 2) could account
(assuming Spartina percentages for Juncus) for up to 8.0% of aboveground and 5.0% of total vegetation tissue.

These percentages

r e present a minor though not insignificant contribution to maintenance
of s tanding crop.

According to the estimates, the combination sediment-

vegetation associated nitrogen fixation could supply the equivalent
of all the nitrogen required for the maximum standing crop, thus
constituting an important nitrogen cycle component affecting productivity.
Estimates of combined nitrogen produced by nitrogen fixation
in M.P.C. oil and G.P.C. control marsh intertidal sediment were noticeably
different in the swnmer, but the possible stimulatory effect of oil
does not appear large enough (see Tables 28 and 31) to affect the
• • C• mars h n1.·trogen cycle •
MP

The greater M.P.C. nitrogen fixation

rates in the oil treated area probably had a local beneficial effect on

Table 31.

Nitrogen fixation rates and amount of nitrogen produced in Virginia salt marshes (Mobjack
Bay ) in 1975.

Intertidal Sediments

Overall Average
mgN fixed/m2/day

(gN/m2/yr)

(gN/day)

1. 56
2.75
2.23

0.57
1.00
0.82

7.93
25.68
34.86

2.73
3.17

1.00
1.16

7. 68

Annual
Control
Zones
Zones
Zones

(G.P.C. )
A and B
C and D
A-D

Oil (M.P.C.)

Zones A and B
Zones A-D

Combined Nitrogen Production
Total N fixed
Marsh area

Spartina (5,265m2)
J uncus (l,503m2)
Spartina and Juncus (15,603m2)
Spartina (2,995m2)

Summer
Control (G.P.C.)

1.25

Oil (M.P.C.)

8.06

Vegetation
July-December

46.92x3.33
(156.24)

.456

Intertidal sediment and vegetation

Oil (M.P.C.)

158.47
159.41

Spart~n~ and Juncus (15,603m 2 )

(kgN/day)

Annual
Control (G.P.C.)

19.50

57.84
58.18

2.47
0.48

Spartina and Juncus (15,603m 2 )
Spartina (2,995m2)

,_.
00
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graminoid vegetation productivity.

Because no difference appeared

between the vegetation-associated oil treated and control
marsh N2
.
fixation rates, the large combined nitrogen production would probably
buffer changes in production in

Nz

levels caused by oiled sediment-

associated nitrogen fixation.
Finally, it must be noted that calculation of overall average
nitrogen fixation rates gives a partial indication of the significance
of combined nitrogen contribution by diazotrophic organisms to the
marsh because the portio.n of fixed-nitrogen actually transferred to
the plant is generally unknown.

Jones (1974), usually N15 labelling,

found considerable transfer of nitrogen to the plant from algal and
bacterial fixation (e.g. uptake of bacterial-fix ed N by Spartina
anglica - roots - 0.169 atom% 15 N excess).

Not all of the fixed

nitrogen is available since it can also be denitrified or assimilated
by detritivores, but this does not diminish the significance of
nitrogen fixation in the marsh nutrient cycle and nitrogen balances.
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Table Al.

Seasonal variation of nitrogen fixation rates for i nt ertidal sediments of Mob jack
Bay marshes, Goat Point Creek (G.P . C.) and Mud Point Creek (M. P .C.) (Zones A- D) .

Year

ZONE

1975

MONTHS
Jan
*combination

A
CONTROL
4.47

Cont rol (G.P . C.) vs OIL (M.P.C.) (ngN/g dry sed/h)
B
C
OIL

-

CONTROL
4.57

OIL
0

CONTROL

D

OIL

CONTROL

OIL

5 .36

0

16.98
33.13

0

Feb
*combination

0

1.85

0

2.87

1.68
2.69

0

9. 72
8.87

0

Mar
*combination

0

0

0.01

0.72

2 .2 5
2.93

0

2.43
2.81

.42

Apr
*combination

0

.55

5.35

1.31

1 2 .3

4.93

4.89
5.88

2.29

May
*combination

0

7.23

3.55

5.72
6.12

2.01
4. 77

8.77
12.87

2.99
3.06

7.63
8.67

0.14

.001

10.34
21.34

1.86

10.98
16.66

6.44

7.68
8.33

June
July
* combination

8.75
13 .71

*combination - average of intertidal sediment nitrogen fixation value including
algal-covered sediment values.

....
....

V,

Table Al (continued).

Year

ZONE

1975

MONTHS
Aug
*combination
Sept
*combination
Oct
*combination

CONTROL
0.81
0
10.54
12.68

Control (G.P.C.) vs OIL (M.P.C.) (ngN/g dry sed/h)
B
C
OIL

CONTROL

OIL

CONTROL

D

OIL

CONTROL

OIL

1.87

0

0

0.67
1.15

0

0

20.88
25.67

0

3.44

6.96
17.15

3. 67

16.40
24.42

0

1. 73

0

2.45

0

3.0

0

.001

12.66
24.05
10.60

Nov
*combination

0

0

0

0

0

0
0

Dec
*combination

-

0

-

.01

0

.01

-

0
0

2.46
2. 9 5

o. 98

2.21
2.41

6.36
9.38

4.83
6.81

4.09
5.44

Average:
Comb ina t ion:
1976

A

0,98

*April

3.01

*June

8.03

1.92
1.98

5.35
8.53
.001
4.Ql

.001
12.5

0
0

7.34
84.58

*combination - average of intertidal sediment nitrogen fixation value including
algal-covered sediment values.
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Table A2.

Seasonal variation of nitrogen fixation rates for intertidal sediments
of Mobjack Bay marshes G.P.C. and M.P.C. for sampling dates of 1975.
Control (G.P.C.) vs. Oil (M.P.C.)
Zones A-D (ngN/g dry sed/h)

Sampling
Date

A
Control

Jan

29

4.47

Feb
*

6
11
25
26

0

Mar
*

11
16
28

0
0

*Apr

8
26

0

*May 8
22
*
30
*

0
0

C

B

Oil

0
5.6
0

0
0.55
0
0

Control
4.57
0
0
0
.01
5.35
3.55

Oil

0
5.73
1.43
0
2.15
0.47
5.40
*8.07
0

Control

D
Oil

Control

5. 36

-

*33 .13

0

.01
*6. 71

1.59
*4.10
1.05
1.23
*4. 77

0

9. 715

2.89

Oil

0
0

0.842

7.39
0.01

*5.88

2.29

*4.85
*21.19
*4.67

*4.07

3.02
*12.09
6.52

*indicates a combination average of intertidal sediment and algal-covered sediment
core nitrogen fixation values.
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Table A2 (Continued).
Control (G.P.C.) vs. Oil (M.P.C.)
Zones A-D (ngN/g dry sed/h)
Sampling
Date

A
Control

C

B

Oil

Control

Oil

Control
3.72

0

*25.67

1.87

0

3.67

*24.40

0

*29.12

0

19.38

0

0
9.0
0

0

0

0

-

0

*1.48

18.61

0

0

3.44

*17.15

4
12
28

11.40
13.97

0
0

3.43
0

Nov

14

0

0

0

0

0

Dec

14

-

0

-

.01

-

0.81

*Sept 4
Oct

0

Oil

0
12.88

0

*Aug 14

Control

0
1.87

0
.05

*13. 71

0
0.42
0

Oil
3.84
9.43
0
*19.47

17. 03
4.02
*6.31
*47.70

July 10
17
22
*
29
*

D

4.88
0

.01

0
7.82
3.58
*12.87

1.85

*indicates a combination average of intertidal sediment and algal-covered sediment
core nitrogen fixation values.
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Table A3.

Sampling
Date
Jan

29

Aver age n itrogen fixation rates for intertidal sediments of Mobjack Bay
marshes ( G. P. C. and M.P.C.) for sampling dates of 1975, Combination (C),
Sediments (S), and Algal-covered (A). Values (ngN/g dry sed/h)
Zones

A
Control

C

B

Oil

Control

Oil

Control

D

Oil

*C

11

*6. 71
3.36
10.07

*C

s

A

Mar

16

*4.10
6.15
1.79

*C

s

A

Apr

8

*5.88
4.89
7.04

*C

s

A
May

8

*4.77
2.01
7.01

*C

s

A
22

*C

s

A

30

*C

s

A

Oil

*33 .13
16.98
49.75

s

A

Feb

Control

*8.07
6. 70
8.54

*4.85
1.99
21.19
*22.82
20.66
21.93

*4.07
2.99
5.11
*12.09

13.84
8.59

*4.67
4.07
5.86

....

1.11
1.11

Table A3 ( Continued).

Sampling
Date
July 22

Zones

Control

Oil

Con trol

s

*C

s

A

Aug

13

*C

s

A

Sept 14

*C

s

A

Oil

Control

D

Oil

Control

Oil

*6.31
8.20
4.42

*C

A

30

C

B

A

*47.70
12.11
83.0

*13. 71
8.75
20.09
*l.48
1.33
1.63

*19.47
19.37
19.56

*21. 87
21.41
22.83

*2 5.67
20.88
32.45
*17.15
6.96
43.67

*24.40
16.40
32.43

*29.12
12.66
46.83

*combination - aver,1ge of intertidal sediment f ixation values including algalcovered sediment core sample values.
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Table M.

Monthly variation of intertidal sediment nitrogen fixation inclusive* and exclusive of filamentous green ~lgal covered
sediment values and monthly ranges of values in terms of µgN/m2/h for Mobjack Bay control G.P.C. marsh.a
Zone ·A

Month

Zone C

Zone B

1975

Mean

sDb

*Jan

126.53

1

0-253.05

126.36

1

Feb

0

1

0

0

2

*Mar

0

2

0

.001

2

*Apr

0

1

0

151.52

1

*May

0

1

0

*100.47

1

June

NDd

Range

Mean

SD

Range

Mean

SD

105.54-147.4

151.69

1

0

0

1

•91.13

3

34.78
56.68
*396. 43

0-.01
145.4-157.89
0-200.93

ND

1

53.06-496.78

0-246. 7

68.77

1

0-137.74

1

0- 69 .56

138.64
*137.73

1

137.37-139.14

2

0-504.68
17.73-705.14

*180.4

1

23.04

1

0-46.08

Sept

0

1

0

97.30

1

0-194.59

103.77

1

358.82

1

0-790. 7

48.82

2

0-99.84

0

2

1

0

0

1

0

0

1

0

52.73

0-551. 01

ND

*Aug

37.64
*46.06

0-.01

Range

274.93

0

ND

2

SD

303-688.09
1.26~-1.521

0-247.63
0-722. 78

Nov

147.40-156.24

Mean

1

1

Oct

.001

Range

480.53
*937.58

205.18
•387.99

*July

Zone D

2

0-253.87

0-51.39

182.2
53.06

1

0-364.39

1

0-106.12

0

3

0

84.9

3

0-508.2

0

0

1

0

0-207.55

0

~itrogen fixation values are means of 2. 3 or 4 (usually 3) replicates for each sample date.
bso - NUlllber of sampling dates for each month.
CRanges in parentheses are for filamentous green algal covered sediment values.
dND - Not determined.
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Table AS.

Monthly variation of intertidal sediment nitrogen fixation inclusive* and exclusive of filamentous green algal .covered
sediment value and monthly ranges of values in terms of µgN/m 2/h for Mobjack Bay oil M.P.C. marsh.a
Zone

Month
1975
*Feb
Mar

Mean
52.24
0

sDb

Zone B

A

Range

SD

Range

3

0-317.3

81.08

2

0-324.3

1

0

20.23

2

0-40.47

39.96

2

0-121.45

173.05
•240.27

3

0-292.4
0-305.4

Apr

15.51

1

0-31.02

*May

306.77

2

0-613.77

June

Mean

ND

Zone D

Zone C
Mean

Range

SD

47.54
*71.29

SD

0

2

Range

1

0-80.7
0-324.3
0

11.91

1

104.43

2

.001-209.11

64.92

1

53.06-85.27

248.19
*344.01

3

44.58-584.7 .
165.79-562.6

215.87
*245.36

3

49.5-408.22
0-409.95

217.34

3

0-605.9
0

2

0

ND

ND

Mean

0
• 001-137. 74

ND

292.62
*607.38

4

0-816.22
0-2,358

471.48
*546.19

4

0

526.67

1

0-1,053.2

590.2
*754.76

1

523.2-738.16
192.79-917.58

0

1

1

0

196.97
*185.42

1

0-551.85
0-1,236

464.12

1

438.65-478.5

358.14
*840.5

1

278.8-437.4
841.08-1,325

0

2

0

0

2

0

0

2

0

299.98

2

0-1084.8

Nov

0

1

0

0

1

0

0

1

0

*Dec

0

1

0

0

1

0

3.905

3

0-23.45

*Aug

0

1

*Sept

0

Oct

*July

slight
indication

0-550.89
0-720.2

slight
indication

0

slight
indication

0

0
algae
0

1976
April
59.11
1
0-177.34
111Udflat 2M-O-slight indication
June

228.65

1

0-.001 1
0
4M - 46.58-55.87-51.25
113.47

1

0

381.67

1
0-763.34
25.61

129.47

252.73

1

2394

2M-4M

0-4,666

8Nitrogen fixation values are means of 2, 3 or 4 (usually 3) replicates for each sample date.

bso - Humber of sampling dates for each month.

Cllaftges in parentheses are for filamentous green algal covered sediment values.
Not determined.
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Table A6 .

Blue-green mat µg N fixed/m 2 / h .

Sampling Date

B-Gl

B- G2

B-G3

February

11

25
26

777. 08
995.80
694.00

212.00
312.50
338.80

156.00
575.00
179.20

March

11

o.oo

April

25

2,367 .oo

11,075.00

May

8
22
30

695.80
408.30
4.60

841. 70
3,600.0o
862.50

July

10
22

o.oo
o.oo

761.30
o.oo

August

2

412.50

October

4

1,108.00

November

14

December

14

194.80
1,735.00
429.20

----Slight indications----1,467.00

Average
334.92
904.58
363.05
o.oo

4,025.00

4,587.60

562.30
411. 70
270.80

592.42
1,107.30
279.30

o.oo
o.oo

1, 03 2.00
o.oo

448.33
o.oo

545.20

o.oo

695.00

513 .80

850.00

237.90

778 .80

660.44

63.33

15.83

63.75

72.16

862.10
9.00
Negligible

-----slight indications----102.50

B-G4

122.40

-

V1
\0

Table A7.

Correlation analysis for differences between oil (M.P.C.)
and control (G.P.C.) marsh zonal nitrogen fixation rates.
Product Moment Correlation Coefficient

Zone A r

1,7

= -4.029

Significant at the 0.01 and 0.05 levels
Zone B

r

= 0.034
1 8
'
Not significant at the 0.01 and 0.05 levels

Zone C r 1 8 = 0.217; df = 8

'

Not significant at the 0.01 and 0.05 levels
Zone D r , = 0.083; df = 8
1 8
Not significant at the 0.01 and 0.05 levels
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